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Abstract

To accurately evaluate transistor performance, it is imperative to consider not
only its electrical characteristics but also its thermal behaviour. With the ad-
vent of next-generation mobile networks and the Internet of Things, there is a
growing demand for robust devices capable of maintaining consistent perfor-
mance across diverse operating conditions. Temperature variations significantly
impact various performance metrics of MOSFETs, underscoring the impor-
tance of understanding transistor temperatures and the factors influencing their
fluctuations.

The consideration of the thermal aspect of MOSFETs specifically becomes
important in state-of-the-art devices due to two main reasons. Firstly, appli-
cations in harsh environments that face extreme temperature conditions affect
the device performance strongly compared to their operation at standard room
temperatures. While such applications were historically reserved for niche
deployments in drilling and geothermal energy areas, modern applications in
booming electronic sectors such as automotive face temperatures considerably
higher than room temperature. Secondly, the self-heating effect that causes
heating in the MOSFETs due to the flow of current in the channel as a conse-
quence of Joule’s law of heating is a growing concern. While the downscaling
of transistors has greatly reduced area footprint and costs while enhancing
device performance, the higher current and power densities in these devices
have given rise to more self-heating and thus higher device temperatures. The
lower thermal conductivity of some of the oxides and thin films used in these
devices further adds to the problem.

This thesis investigates these thermal aspects in MOSFETs using the in-
dustrial 22 nm FDSOI technology from GlobalFoundries to provide a precise
understanding of the thermal landscape in advanced technology nodes.

An experimental assessment is conducted to evaluate the impact of elevated
ambient temperatures on device performance, revealing significant variations in
key performance metrics at 175 °C compared to room temperature. These find-
ings emphasize the necessity of considering temperature-related performance
issues during device design and highlight the need for accurate foundry models
to accommodate ambient temperatures exceeding the current 125 °C limit of
standard product design kits.

Self-heating assessment has been made using two of the most prominent
and suitable characterization techniques for advanced devices, namely the RF
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technique and the gate-resistance technique. A thorough evaluation of the
pros and cons of both techniques is made; this reveals notable differences in
thermal resistance, with the RF technique showing higher thermal resistance
than the gate-resistance technique on the same device test structures. This raises
questions about the underlying theory of the gate-resistance technique which
considers that the channel temperature and gate temperature are equal while
opening up the discussion on heat evacuation through the upward gate path that
could result in such a difference. Cooling through additional gate accesses in the
gate-resistance technique is demonstrated experimentally, showing that layout-
related aspects can also affect self-heating characterization and showcasing that
heat evacuation through the gate path is possible.

A solution to the self-heating problem is proposed in the form of heat sinks
in the back-end of line (BEOL) connected to the device. Designed metal sinks
connected to the gate of the device presents up to 20% lower thermal resistance
in our work. From further studies comparing sinks of different sizes, it is noted
that the sink efficiency is greater for a larger sink area. On the other hand,
with larger sink sizes, more parasitics are encountered which degrade the RF
performance. A tradeoff is thus established between the thermal efficacy of the
sink and the degradation in the RF performance.

With the thermal problem in state-of-the-art MOSFETs presented, this
thesis additionally provides perspectives on the heat evacuation paths in these
devices for improving thermal modelling and characterization.
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1. Introduction

This chapter introduces the background of the thesis. Harsh environments and
self-heating, two primary causes of high device operation temperatures are
presented. The physical impact of high temperatures on device performance
from a theoretical perspective is discussed. Following this, three main scientific
questions aimed to be addressed through this research are raised, providing a
platform for the context of this research.

1.1 Operation Temperature of MOSFET

Electronics has become an integral part of human life with applications all
around us from communications, wearables, healthcare, environmental sensing,
smart homes and so on. The scaling of semiconductor technology has helped
shrink device size while providing enhanced performance at reduced costs.
Recently, the development of advanced generations of mobile networks (5G and
now 6G upcoming) along with the Internet-of-Things makes sure that electronic
devices pervade further into different domains of applications. To cater to
the diverse needs of the upcoming applications to be met, electronics need to
be robust and operate reliably over a wide range of application scenarios and
conditions. In this thesis, the operation temperature of the device, a parameter
that can affect the device’s performance and behaviour to a considerable extent,
is investigated thoroughly.

For a device operating in a certain environment, we analyze the difference
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Figure 1.1: Harsh environments and self-Heating: Two situations leading to
increased device temperatures.

between two entities: the ambient temperature Tamb and the device temperature
Tdevice. The ambient temperature Tamb and device temperature Tdevice are defined
as that of the environment and the device, respectively. While Tamb is generally
equal to room temperature, thereby giving one the perception that the device
operation temperature Tdevice should be equal to that of room temperature,
that is not always the case. Two main reasons for different device operation
temperatures are:

• Harsh environments
• Self-Heating (SH)
While harsh environments pose a temperature of operation different from

room temperature due to an ambient temperature, self-heating raises the device
temperature from the ambient temperature due to the device operation. These
two cases thus lead to the same end result of having Tdevice different from room
temperature as illustrated in Figure 1.1. We now delve into a deeper discussion
on both of these situations.

1.1.1 Harsh Environments
Harsh environments (also referred to as extreme environments or hostile en-
vironments in literature) are those in which applications are subject to one or
more of the following extreme conditions: high operating temperature, high
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pressure, significant vibration, high humidity, high radiation levels, aggressive
media (corrosive, toxic, explosive) and electromagnetic spikes [1].

In this thesis, the focus shall be on high-temperature environments but
an overview of radiation environments and low-temperature environments is
provided to supplement the discussion. Avenues of applications of radiation-
hardened electronics (also referred to as rad-hard electronics) which are less
susceptible to radiation damage and low-temperature electronics are also looked
into. This shall provide a base for future comparison of different technologies
with respect to harsh environment applications in Chapter 2.

The study of electronic devices for working in harsh environments is not
new; back in 1994, an overview of high-temperature electronics and their
potential applications was provided in [2]. A comparison of the above work
with a more recent review in 2018 [3] shows that the operation of electronic
devices under these conditions is of growing importance day by day due to
tremendous growth in the sectors that require their usage. Some of the main
types of harsh environments are classified below [3].

Radiation-Rich Environments

Radiation-rich environments are mainly found in space applications, biomedical
instruments, nuclear power plants and high-energy physics experiments like the
Large Hadron Collider at CERN. An in-depth study of radiation environments,
damage mechanisms in such environments and their impacts on semiconductor
devices across different technologies can be found in [4].

The interaction of a semiconductor device with an energetic particle results
in two main types of damage mechanisms, ionization damage and displacement
damage.

• Ionization damage: This process disrupts electronic bonds, creating free
electron-hole pairs. It is the primary mechanism when energetic photons
such as gamma rays and X-rays interact with semiconductor devices.

• Displacement damage: High-energy particles displace atoms or nuclei
from their usual lattice sites. Generally, displacement damage requires
much higher energies than those needed for ionization damage.

Low-Temperature Environments

Cryogenic temperatures below the standard operating range of CMOS ICs,
generally specified as -40 °C constitute low-temperature environments. [3] lists
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some of the diverse electronic applications that need cryogenic environments:
• Cooled detectors are used in applications like medical imaging instru-

ments, high-performance computers, satellite receivers, and astronomical
instruments. Low-temperature operations help improve system sensitivity
given that noise in electronic devices reduces with temperature.

• Electronics for deep space applications like detectors of the James Webb
Space Telescope require operation at temperatures as low as -246 °C.

• Quantum computing is a very popular domain currently that requires
cryogenic operation [5]. With the potential of the quantum computer
in solving Quantum chips containing qubits operating at a few tens of
mK require CMOS circuits operating down to 4 K for closer system
integration [6].

High-Temperature Environments

On the other end of the spectrum of low-temperature environments are high-
temperature environments that surpass operation temperatures of 125 °C, the
conventional maximum limit of operation temperature for commercial and
military electronics. With a specific stress on such environments in this thesis,
we shall look deeper into the cases where high-temperature electronics be-
come of great interest. A diagrammatic overview of different high-temperature
environments is provided in Figure 1.2.

1. Automotive Electronics

The automotive industry is a rapidly emerging application domain for
the usage of high-temperature electronics. Moving from old-fashioned
mechanical and hydraulic systems to newer electromechanical or mecha-
tronic systems causes putting sensors and control electronics closer to
heat sources in automobiles. As more electronic components find their
way into cars, the automotive electronics market is becoming increasingly
popular as an extreme environment.
Under-the-hood automotive environment is a great example of such a
high-temperature environment where the necessity to put electronics close
to the engine or transmission raises the ambient temperature above 125
°C. The temperature faced itself could specifically vary based on the part
of the automotive where it is used as shown in Figure 1.3; temperatures
could vary from 150 to 250°C for on-wheel sensing, 150 to 200°C around
on-engine and in transmission, 200 to 300°C for cylinder pressure and
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Figure 1.2: Temperature range of operation of various high-temperature envi-
ronments.

can go up to as high as 850°C for exhaust sensing, respectively [7].
The sensors to be used in each of these applications must be able to
operate at the respective temperature ranges. With the addition of power
transistors and smart power devices into the electromechanical actuator,
power devices would have to operate at 175 to 200 °C [7]. SOI-based ICs
for electronic modules in engines of automobiles could face temperatures
up to 175 °C as reported in [8].

Furthermore, hybrid electric vehicles and fuel cell vehicles face high
temperatures due to power dissipation. Having devices that can reliably
operate at such high temperatures is a big bonus because using thermal
management or cooling systems would add weight and cost.

In addition to standard commercial cars, brakes in heavy vehicles like city
buses and trucks could face temperatures higher than 500 °C quite regu-
larly for short periods [2]. The brake wear associated with this can cause
accidents involving these heavy vehicles and therefore tracking brake
temperature using high-temperature resistant antilock brake systems is a
way of improving and monitoring the safety of these vehicles.
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Figure 1.3: Temperature distribution in different parts of the car [7].

2. Aviation Electronics

Another substantial market in the 21st century is that of electronics for
aircraft and aerospace applications. Similar to automotive, electronic
sensors used in jet engines face high temperatures and therefore many are
either placed remotely from the actual measurement point, for example,
hydraulic fluid pressure sensors at the ends of isolation tubes or cooled
down to below 125 °C. The presence of electronics that would withstand
high temperatures would increase the aircraft’s reliability while removing
the weight of cooling systems [2].
Aerospace electronics is another growing sector for high-temperature
applications. Space exploration missions like the Venus mission report
temperatures as high as 460 °C [9].

3. Drilling and Geothermal

The down-hole oil and gas industry is one of the oldest users of high-
temperature electronics. Both drilling and geothermal wells require
sophisticated sensors and electronic components. The operating tempera-
ture is directly related to the depth of the well. In general, a geothermal
gradient of 25 °C per kilometre of depth is observed but in some cases,
it can even be higher. Previously, the maximum temperature limit from
drilling stagnated at 150 – 175 °C but with more advanced technologies
it is possible to drill deeper. As a consequence of the same, tempera-
tures in such wells can reach over 200 °C with high pressure too. [10].
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Geothermal temperatures can go up further to 500 °C [11].

4. High-Temperature Radiation Environments

Nuclear reactors and nuclear waste storage plants are examples of en-
vironments where high temperatures can be encountered in addition to
radiation. Temperatures in waste storage tanks at the Hanford reservation
containing millions of gallons of radioactive chemical wastes can rise up
to 150 °C [2].

With a background on how the device operation temperature is affected
by the environment it operates in, we shall look at the other possibility where
self-heating effect in devices causes an increase in device temperature.

1.1.2 Self-Heating Effect
Self-heating (SH), also known as self-heating effect (SHE) or local thermal
effect (LTE) in literature [12], is the phenomenon of a transistor heating up
during its operation. As this occurs without the application of any external
heating, the name self-heating effect is justified. This phenomenon causes
an increase in the device operating temperature with respect to that of the
surrounding ambient temperature. More details on SH shall be studied in
Chapter 3.

Causes
The primary cause of SH in MOSFETs is Joule’s heating arising from the
power dissipation due to flow of current in the channel. With this general cause
that is responsible for affecting SH in all MOSFETs, there can be specific
reasons for enhanced SH as well. In advanced nodes, greater current and power
densities are encountered, thereby raising SH concerns. SH is related to heat
accumulation in the channel; this means that the evacuation of heat from the
channel becomes an important condition in the SH problem. The lesser the ease
of heat evacuation from the channel, the higher the SH and vice versa. This
implies that the thermal conductivity of the materials used in the MOSFET is
crucial: the presence of materials with low thermal conductivities worsen the
SH problem. Further details of this in terms of practical situations in advanced
MOSFETs where low thermal conductivity of films affects the heat evacuation
from the device shall be discussed later in Chapter 3.

Having established that high-temperature environments and SH both result
in having higher device operating temperatures, we move to the background of
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the physical impacts of high temperatures on device performance and behaviour.
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1.2 Limitations of Devices at High Temperatures
The theoretical background on the physics behind why high temperatures affect
device performance and in what ways has been studied in [2], [10]. Apart
from device performance, reliability is an important aspect to consider at high
temperatures; in addition to performance degradation, elevated temperatures
greatly reduce device lifetime too [13]. In [14] the thermal dependence of
transistor parameters and reliability mechanisms was summarized.

Some of the major factors affecting device performance and reliability at
high temperatures are:

1. Increasing intrinsic carrier density: On increasing temperature, the in-
trinsic carrier density increases owing to the generation of carriers from
thermal excitation, rendering doping less effective [2].

2. Increasing junction leakage currents: The increase of junction leakage
currents is a strong limiting factor at high temperatures as described in
[15].

3. Reduced mobility: In MOSFETs, higher temperatures result in reduced
mobility because of higher phonon scattering.

4. Greater electromigration issues: Electromigration in conductors leads to
open circuits due to mass transport of the material when stressed at high
current densities [16]. The impact of SH on the long-term reliability of
CMOS circuits was studied in [17]. Higher device temperatures from SH
cause metallization lifetime degradation with the interconnect time-to-
failure (TTF) expressed in Equation 1.1.

TTF =
Aexp

( Ea
kT

)
J2

ave
(1.1)

where TTF represents the Time to Failure of interconnect, where A is
the process-dependent constant, k is Boltzmann’s constant, Ea is the
activation energy (typically around 0.7–0.9 eV for Cu interconnections),
T signifies the absolute temperature of the interconnect, and Jave is the
average current density. The time to failure is inversely proportional to
temperature, resulting in shorter lifetimes at increased temperatures.

5. Lesser Time to breakdown in ultrathin gate oxides: The TBD in ultrathin
gate oxides was also found to be inversely proportional exponentially to
the junction temperature as related in Equation 1.2 below [17]:
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T BD = T0 · exp
[

γ

(
α ·TOX +

Ea

kTj
−Vg

)]
(1.2)

Where γ represents the acceleration factor, Ea is the activation energy,
α denotes the acceleration factor for oxide thickness, TOX is the gate
oxide thickness, Vg is the gate voltage, T0 stands as a constant specific
to a particular technology, and Tj corresponds to the average junction
temperature. Results there show that the TBD degradation of gate oxides
due to SH becomes significant for sub-0.09-µm CMOS nodes.

6. Variation in circuit performance: The physical changes in mobility, intrin-
sic carrier density etc. can in turn affect circuit performance by inducing
temperature dependence in output currents, conductances, transconduc-
tances, leakage currents, and threshold voltages.

7. Mechanical stress: Due to a mismatch in coefficients of thermal expansion
of materials, mechanical stress can be encountered too [10].

The above limitations showcase the impact high-temperature environments
or self-heating can have on devices and stresses on the importance of an in-depth
study in this direction.
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1.3 22FDX® Technology
The 22 nm FDSOI (Fully Depleted Silicon-on-insulator) technology node
(22FDX®) has been used for the studies in this work. Being one of the most
advanced nodes in the current market, investigation results on this technology
would serve as a great benchmark for comparison of thermal performance
and self-heating effect with respect to previous and future technology nodes.
22FDX® is a technology of choice for a wide variety of applications (includ-
ing some like automotive electronics which are subject to high-temperature
environments), making it a suitable candidate for this study. It is reported in
[18] that in the first half of 2019, around half of all technical papers on FDSOI
technologies were on 22FDX®.

1.3.1 Applications

An extensive review by Chen and Schaeffer [18] highlights numerous research
articles published on the 22FDX® technology and establishes the wide ap-
plicability of this technology. Research works in diverse domains below for
upcoming IoT, 5G/6G applications have been referred to in the review above
and are summarized below.

1. Ultra-low voltage, ultra-low power
2. Ultra-low Leakage
3. Power efficient RF for wireless protocols
4. Ultra-low power sensors, eNVMs (embedded non-volatile memories)
5. Energy harvesting
6. 5G: Receivers, LNAs, PAs, VCOs
7. Automotives: FMCW (Frequency-Modulated Continuous-Wave) radars

1.3.2 Features

Carter et al. in [19] published features of 22FDX®; typical cross-section of an
nFET device in this technology is shown in Figure 1.4. Incorporating the basic
ideas of UTBB (ultra-thin body and Buried Oxide) FDSOI technology, the top
channel is made so thin that the depletion region beneath the inversion channel
extends to the buried oxide (BOX) layer. Due to this, the whole top Silicon film
is depleted of carriers and therefore the name fully depleted (FD). The channel
is undoped as it helps reduce device variability [20]. The SiO2 BOX below
the channel helps in electrically isolating it from the substrate. The FDSOI
transistor architecture in 22FDX® offers a planar alternative to 3D FinFETs
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while using a process flow with 30% fewer masks making it more cost-efficient.
From an RF performance point of view, excellent RF figures of merit (FoMs)
are seen; fT and fmax values as high as 347 GHz and 371 GHz are demonstrated
in [21].

Figure 1.4: Typical cross-section of an NFET in 22FDX® [19].

1.3.3 Back-gate Biasing

A unique feature of UTBB FDSOI technology is that of the back-gate biasing.
In this technology, by applying a voltage on the back-gate (a doped region
below the BOX), electrostatic control of the channel is possible. This can be
imagined as a double gate scenario with the regular gate and the gate oxide on
top and the back-gate and buried oxide below.

Using back-gate biasing in 22FDX®, designers can tune the threshold
voltage Vth of the MOSFET even after it has been processed. While body
biasing in bulk is only limited to a small extent and is less efficient in advanced
nodes, using back-gate biasing in FDSOI can help tune the Vth to a much larger
range, allowing performance optimization. A comparison of the above was
made in [22] on the 28 nm node for bulk and FDSOI: 1 V variation in Vbg is
seen to change Vth by 25 mV in bulk compared to 85 mV in FDSOI. Biases of
either polarity can be applied on the back gate to decrease or increase Vth and
thereby make the device more suitable for ultra-low power (ULP) or ultra-low
leakage (ULL) applications respectively.
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1.4 Objectives and Thesis Structure
With the high-temperature device operation scenario in mind, three main scien-
tific questions are framed. The target of this thesis is to answer these questions
with the theoretical background in mind backed by experimental results and
model data. Each question is addressed in a different chapter with the structure
described below and represented pictorially in Figure 1.5.

Question 1: What impact do high-temperature environments have on the
RF and DC performance of state-of-the-art FDSOI MOSFETs?
Chapter 2 tries to answer this question by mimicking high-temperature condi-
tions in the laboratory. 22 nm FDSOI MOSFETs are heated up to temperatures
as high as 175 °C and an experimental assessment of the impact of higher oper-
ating temperatures on the MOSFET performance is carried out. The variation
of different RF and DC performance metrics is studied under different bias
conditions.

Question 2: What are the best techniques of self-heating characterization
and what are the related shortcomings?
In Chapter 3, the various methods of self-heating assessment are discussed
and the two most prominent techniques suited for state-of-the-art devices are
investigated in detail. The pros and cons of the traditional gate-resistance
technique and the RF technique are assessed. Additionally, factors like test
structure layout impact on the extraction of SH parameters are investigated.

Question 3: What could be done to mitigate self-heating? What are the
pros and cons of different methods of doing so?
Chapter 4 aims to look into methods of addressing the self-heating problem.
Heat sinks in the back-end of line are proposed to reduce thermal resistance
in MOSFETs and through designed sinks of different sizes, the efficiency of
the sink with respect to its area is demonstrated. The impact of the sink on RF
performance due to additional parasitics coming from the sink is studied and a
tradeoff between SH reduction and RF performance degradation is established.
The pros and cons of heat sinks and other SH reduction methods are studied.
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Figure 1.5: Structure of the Thesis.



2. Impact of High Temperature on MOSFET
Performance

This chapter delves into the study of the performance of transistors at high
temperatures. State-of-the-art MOSFETs on 22FDX® from GlobalFoundries, a
technology node of choice for current and upcoming market applications, are
subjected to high temperatures in the laboratory for this study. The variations
in RF and DC figures of merit under different bias conditions are investigated
and perspectives on the usage of FDSOI technology for high-temperature
environments are provided.

2.1 Introduction

With a background of different harsh environments in Subsection 1.1.1 of
Chapter 1, the focus shall be on high-temperature environments. A comparison
between different technologies based on their high-temperature performance
is first made with a specific focus on silicon-based technologies. Demon-
strating the strengths of SOI technology in this regard, a literature review of
high-temperature studies on SOI MOSFETs made previously is carried out.
Following this, our original research on the impact of temperatures up to 175 °C
on the RF and DC FoMs of state-of-the-art 22FDX® MOSFETs is shown. The
experimental results are also compared with that of PDK models and general
perspectives including that of back-gate biasing to help counter temperature
variations are provided. The chapter flow is shown in Figure 2.1.

The major physical effects limiting device performance at high temperatures
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have been listed in Section 1.2 of Chapter 1. To recap, the main concerns for
high-temperature operation are degraded device performance and reliability
issues. While our main focus in this thesis shall be on the MOSFET performance
perspective, it is necessary to highlight some other crucial aspects.

Reliability is a major factor to take into account for such operation scenarios:
it is important to emphasize that for modern robust IoT applications having
a long device lifetime is crucial. Moreover, it is important to understand
that passive components and packaging technologies can profoundly influence
device functionality and system reliability. It is therefore essential to address
packaging limitations and explore alternative solutions to meet the demands of
harsh environmental applications as stressed by Hassan in [3]. Additionally,
from an ecological perspective in general, having higher device lifetimes is
always desired; therefore understanding the causes of failure and limitations of
device technologies from a thermal aspect is worth looking into.

With these general viewpoints, we now delve into a comparison of different
technologies and their behaviour in high-temperature environments.

Figure 2.1: Overview of Chapter 2.
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2.1.1 Impact of Temperature on Device Performance Metrics
Having summarized the main limitations of device performance at high temper-
atures in Section 1.2, a more detailed discussion on the theoretical background
is done here.

Mobility
The mobility of carriers in a semiconductor is affected by mainly two types
of scattering mechanisms: lattice scattering and impurity scattering. In lattice
scattering, phonons are either absorbed or emitted. As the density of phonons
in a solid increases with temperature, the scattering time associated with this
process decreases with temperature, reducing mobility. Impurity scattering
occurs when charge carriers interact with impurity atoms or defects within the
crystal lattice. These impurities create localized electric fields that scatter the
carriers [23].

At high temperatures, the amplitude of lattice vibrations increases, leading
to more frequent scattering events and significantly reducing mobility. At low
temperatures, impurity scattering becomes the primary mechanism limiting
carrier mobility due to the reduced influence of lattice vibrations. Therefore, in
the case of high-temperature environments (which are the main targets to study
in this thesis), lattice scattering is the dominant mechanism.

As per Equation 2.1 below as described in [24]. µeff represents the effective
mobility, µeff0 denotes the effective mobility at room temperature, T is the
mean channel temperature, T0 is the ambient temperature, and k stands for the
temperature-dependent factor affecting mobility degradation, with k ranging
from 0.8 to 2.1 in MOSFETs.

µeff = µeff0

(
T
T0

)−k

(2.1)

Threshold Voltage
The threshold voltage Vth is a key parameter in MOSFET modelling, referring to
the gate voltage at which significant drain current begins to flow. The variation
of the threshold voltage of an n-channel MOSFET (bulk or SOI) has been
documented in detail in [15] and [25].

Vth = ΦMS +2ΦF − Qox

Cox
−

Qdepl

Cox
(2.2)
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where ΦMS, ΦF , Qox, Qdepl, and Cox are the metal-semiconductor work
function difference, the Fermi potential, the charge density in the gate oxide,
the depletion charge controlled by the gate, and the gate oxide capacitance,
respectively.

For PDSOI devices, the depletion charge Qdepl is replaced by qNaxdmax,
where xdmax is the maximum depletion width allowed for the doping concentra-
tion Na under consideration, and is equal to

xdmax =

√
4εSiΦF

qNa
(2.3)

where εSi is the relative permittivity of Silicon and q is the charge of the electron.
For n+ polysilicon gates, the value of the work function difference is given

by [26]:

ΦMS =−
Eg

2
−ΦF , with ΦF =

kT
q

ln
(

Na

ni

)
(2.4)

where Eg, T , k and ni are the silicon energy band gap, temperature, Boltzmann’s
constant and the silicon intrinsic carrier concentration, respectively.

The intrinsic carrier concentration ni varies with temperature as per the
relation:

ni = 3.9×1016T 3/2e
(
−Eg
2kT

)
(2.5)

The temperature dependence of the threshold voltage can be obtained from
Equation 2.2 and Equation 2.4. For simplification, we will assume that Qox
and Eg show no temperature dependence and dΦF

dT is given by:

dΦF

dT
= 8.63×10−5

[
ln(Na)−38.2− 3

2
{1+ ln(T )}

]
(2.6)

In the case of bulk or thick-film SOI devices, the threshold voltage shift
with temperature is:

dVth

dT
=

dΦF

dT

1+
q

Cox

εSiNa

Vt ln
(

Na
ni

)
 (2.7)

For thin-film FDSOI devices, Qdepl ranges between qNAtsi and qNAtsi
n , where

tsi the silicon film thickness and n ranges between 1 and 2. Assuming that these



2.1 Introduction 19

two parameters are temperature independent, the threshold voltage shift with
temperature further simplifies to Equation 2.8.

dVth

dT
=

dΦF

dT
(2.8)

As reported in [27], the values for dVth
dT range between -0.7 and -0.8 mV/°C

in thin-film SOI MOSFETs and between -2.4 and -3 mV/°C for bulk and thick
film SOI MOSFETs. A significantly high dVth

dT is thus seen for bulk devices with
respect to thin film FDSOI devices.

Transconductance
For an applied drain-source voltage Vd , a MOSFET’s ability to amplify the input
signal is quantified by its transconductance gm, which is defined as Equation
2.9.

gm =
∂ Id

∂Vg
(2.9)

If the applied drain voltage Vd causes the MOSFET to operate in the satura-
tion region, the transconductance is called saturated transconductance.

The drain current Id in the saturation region is given by Equation 2.10:

Id =
1
2

µnCox

(
W
L

)
(Vg −Vth)

2(1+λVd) (2.10)

To find the transconductance gm in saturation, we take the derivative of Id
with respect to Vg.

gm =
∂ Id

∂Vg
=

∂

∂Vg

(
1
2

µnCox

(
W
L

)
(Vg −Vth)

2(1+λVd)

)
(2.11)

Assuming λVd ≈ 0 (for simplicity):

gm = µnCox

(
W
L

)
(Vg −Vth) (2.12)
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Considering the temperature dependence of the carrier mobility µn:

µn(T ) = µn0

(
T
T0

)−k

(2.13)

Therefore, the temperature-dependent transconductance gm(T ) in the satu-
ration region is:

gm(T ) = µn0

(
T
T0

)−k

Cox

(
W
L

)
(Vg −Vth(T )) (2.14)

where:
• µn is the carrier mobility
• Cox is the oxide capacitance per unit area
• W is the width of the MOSFET channel
• L is the length of the MOSFET channel
• Vg is the gate-source voltage
• Vd is the drain-source voltage
• Vth is the threshold voltage
• λ is the channel-length modulation parameter
• µn0 is the mobility at a reference temperature T0
• T is the operating temperature
• k is a positive constant (typically around 0.8 to 2.1 for MOSFETs).
• Vth(T ) is the threshold voltage at temperature T

Zero Temperature Coefficient
Considering the relation between for the drain current Id in the saturation region
in Equation 2.10, it is observed that there are two temperature-dependent
parameters: mobility µn and threshold voltage Vth. Id is directly proportional to
µn and inversely proportional to Vth as (Vg - Vth) reduces with increasing Vth.

With an increase in temperature, both the threshold voltage and the mo-
bility decreases. It is seen that these two mechanisms affect the drain current
differently with an increase in temperature as listed below (and vice versa with
a decrease in temperature).

• Id should decrease due to mobility reduction with temperature.
• Id should increase due to Vth reduction with temperature as it causes (Vg -

Vth) to increase.
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At lower Vg, the Vth reduction effect causes the Id to increase with temper-
ature and at higher Vg, the mobility reduction comes into play and causes Id
to reduce with temperature. These two mechanisms balance each other at a
Zero Temperature Coefficient (ZTC) point where Id is invariant with tempera-
ture. At the Id-ZTC, these two mechanisms balance each other resulting in a
temperature-invariant Id. The existence of the ZTC point has been reported in
studies in literature [28] [29]. In [30] it was observed that designing circuits
(particularly for analog applications) to operate at the ZTC point results in
significantly less variation of device parameters with temperature.

It is to be noted that a similar ZTC point (referred to as gm-ZTC in this
work) is also obtained for gm, but at a different Vg. Equation shows that a the µn

and Vth affects gm in a similar manner as Id , which results in having a similar
ZTC point for gm too.
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2.1.2 SOI versus Other Technologies
A comparison between some of the most prominent modern technologies and
their advantages and disadvantages for harsh environment applications is now
made.

Bulk Silicon
While bulk technologies work reliably for most standard commercial appli-
cations, they face limitations for operation in temperature ranges outside the
standard commercial range of -55 to 125 °C. At higher temperatures, rising
leakage currents turn out to be a hindrance and can result in Ion/Ioff ratios which
are unacceptable for many circuits [31]; moreover threshold voltage is also
seen to have temperature sensitivity. Bulk Silicon technologies are also sensi-
tive in radiation environments; radiation exposure considerably impacts device
operation and could result in device failure.

SOI
SOI turns out to be an enhanced alternative to bulk Silicon technology. The
presence of the Silicon dioxide buried oxide (BOX) reduces the junction leakage
currents and enables operation up to higher temperatures. Compared to bulk
Silicon, SOI circuits are therefore capable of operating at temperatures higher
than 300 °C due to reduced leakage currents are much smaller (often by one
to two orders of magnitude) and the threshold voltage is also less sensitive to
temperature [32].

With FinFETs being one of the other prominent choices for commercial
applications, a brief look at their harsh environment application perspective is
made. Limited studies on the high-temperature performance of FinFETs are
observed: in [33], TCAD simulations of FinFETs are made to compare bulk
and SOI FinFETs. It is observed that the performance metrics like Ion/Io f f raio,
subthreshold swing and transconductance vary with the fin dimensions which
play a crucial role. It is observed that the aforementioned performance metrics
are better on SOI substrate compared to bulk. However, multi-fin transistors on
bulk silicon show higher on-current but with increased leakage current.

SiGe
SiGe has shown capabilities of functioning in harsh conditions over a wide
temperature range from cryogenic to high temperatures and under exposure
to radiation. It was argued in [34] that the distinctive bandgap-engineered
characteristics of SiGe HBTs hold immense potential to fulfil the requirements
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of all three extreme environmental applications concurrently. From a high-
temperature perspective, using SiGe circuits up to 300 °C has been shown in
[35].

SiC
In applications where extreme environmental conditions have a moderate inten-
sity (up to 300 °C), bulk Silicon, SOI and SiGe technologies are appropriate
choices to fulfil electrical and electronic requirements. However, as the environ-
mental conditions become extremely harsh, the aforementioned semiconductors
become less effective [3]. In such cases, an advanced semiconductor genera-
tion, like silicon carbide (SiC), needs to be developed to meet the demanding
requirements, with demonstrated operation as high as 500 °C [36].

GaN
Due to its high-voltage operational capacity and minimal resistive losses, the
GaN platform is identified as a suitable option for power amplification and
switching applications across a broad operational temperature range as high as
600 °C [37]. Nonetheless, challenges such as thermal management, manufac-
turing costs, wafer-level uniformity, and enhancing reliability serve as obstacles
to the successful commercialization of this technology [3].

The temperature range of applicability of different technologies are illus-
trated in Figure 2.2. A summary of the different technologies in [3] shows that
in general SOI is of the technologies that ticks mostly all the boxes concerning
high-temperature, low-temperature and radiation environments while being
easily available and cost-efficient. While SiC and GaN technologies are even
more robust for applications in harsh environments, it is to be kept in mind that
their costs and manufacturing ability are not as great as SOI. Apart from being
an established mature technology, with SOI not using as many rare materials
or complicated material extraction processes (like GaN technology for exam-
ple), it provides a viable, simple and ecological solution for high-temperature
applications in moderately harsh environments [38].
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Figure 2.2: Comparison of different technologies for high-temperature applica-
tions.

2.1.3 High-Temperature Studies on SOI Devices in Literature

With the prospect of SOI technology for high-temperature applications estab-
lished, a review of previous studies is made.

Over a couple of decades back, the advantages of SOI over bulk Silicon
CMOS processes especially as a candidate for high-temperature electronics
were highlighted in [2] and [15]. While bulk CMOS circuits could not operate
above 180°C, their SOI counterparts could still operate at 300°C due to lesser
leakage currents in the latter. Colinge in [15] reported junction leakage currents
in SOI device three orders of magnitude lesser than its bulk counterpart.

A summary of comparison on bulk, PDSOI and FDSOI MOSFETs for use
elevated temperatures was proposed in [38] based on maintaining acceptable
standards of threshold voltage and leakage currents:

• Bulk MOSFETs are suitable for use up to 200 °C, requiring intricate
optimization of process and circuit designs beyond this temperature
threshold.

• PDSOI transistors expand the temperature range to 250 °C and may
confer radiation hardness, which can be advantageous for nuclear appli-
cations.

• FDSOI devices could operate 50 °C higher than PD devices.

Floating-body (FB) and body-tied (BT) PDSOI transistors were studied at
high temperatures over a range of 25 to 250 °C back in 2008 [39]. The impact
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of temperature on certain RF FoMs like intrinsic transconductance and cutoff
frequency was seen to be relatively higher compared to that on some other
small-signal equivalent circuit (SSEC) parameters. While the FB devices ex-
hibited poorer DC performance (higher leakage and a worse Ion/Ioff ratio), they
outperformed BT devices from a temperature stability standpoint, particularly
in terms of intrinsic transconductance. Optimizing the features of FB and BT
devices in order to attain good performance was therefore recommended. A
decade back [40] compared PDSOI and bulk Silicon MOSFETs which were
mainly the two possible frontrunners in the technology of choice going forward
with respect to low-voltage and low-power applications.

From a more practical perspective, some solutions available commercially
from industry solutions or research organizations are looked into. Fraunhofer
Institute for Microelectronic Circuits and Systems reports a specialized 0.35 µm
high-temperature SOI-CMOS technology that has been developed to accommo-
date operations at temperatures as high as 300 °C [41]. To enhance the reliability
of high-temperature electronics and mitigate electromigration-induced degrada-
tion, this technology incorporates tungsten instead of conventional aluminium
metallization. On this technology, high-temperature electronics up to 300 °C for
signal conditioning tasks for sensors in harsh environments were demonstrated
in [42].

Honeywell, a leading provider of high-temperature electronic components,
uses SOI CMOS technology [43]. Back in 1999, a high-sensitivity piezoresistive
SOI sensor operating up to 300 °C was demonstrated in [44]. Honeywell’s
products offer notable reliability and performance benefits over conventional
silicon integrated circuits, particularly in operating conditions exceeding 150 °C.
Reliable operation for five years at 225 °C is advertised with brief excursions to
higher temperatures being possible.

From a circuit perspective, an example of an FMCW automotive radar
on 22FDX® has been shown by Lee in [45]. It is observed that there is a
temperature impact on the output power; the output power (shown in Figure
2.3) is seen to drop from 10.6 dBm at 25°C to 8.8 dBm at 125°C, emphasizing
on the impact of temperature at a circuit level.

There is a dearth of work at high temperatures on state-of-the-art technology
nodes. To the authors’ best knowledge, just [46] studied the performance of
MOSFETs in 22FDX® technology, although the main goal of the work was the
high-frequency performance of these devices rather than high temperature with
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Figure 2.3: Variation of Output Power Pout versus Temperature for FMCW
Radar in [45]. The impact of temperature on circuit performance is demon-
strated.

limited discussion on data versus temperature. The variation in RF FoMs was
presented as a secondary message from measurements on three temperature
data points of 25, 75 and 125 °C. A thorough study in this direction would
help in advancing the state-of-the-art especially also concerning low-power
applications by considering trends under different bias conditions.
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2.2 High-Temperature Characterization

To supplement the background on-wafer device characterization used in this
thesis, we discuss various aspects related to it, specifically concerning high-
temperature characterization.

2.2.1 RF Characterization
The general flow of the RF characterization used in this work is as follows:

1. Connect and interface equipment: Gather all necessary equipment includ-
ing the probe station, VNAs, DC and RF probes, DC and RF cables, IV
instruments for biasing, and a computer for equipment control. Connect
them using GPIB cables to interface and communicate with the equip-
ment via the Integrated Circuits Characterization and Analysis Program
(IC-CAP).

2. Probe Planarization: Ensure that the tips of the RF probes are on the
same horizontal plane [25]. By making contact with a substrate, compare
the scratches made by the probe tips and adjust the probe’s planarity to
match.

3. Calibration: Perform RF measurements to ensure that S-parameter mea-
surements are corrected to eliminate parasitic effects caused by cables,
connectors, and probes.

4. Measurements: After calibration, conduct measurements on the Device
Under Test (DUT) through IC-CAP. Define the necessary DC and RF
fields to be measured, along with biasing conditions and settings for
the VNAs and Source-Measure Units (SMUs). Measured results can be
viewed instantly on IC-CAP.

5. Extractions and Post-Processing: Export the measured data as .mdm
files and utilize extraction routines in MATLAB to analyze the results in
detail.

Calibration
The S-Parameters measured by the VNA need to be corrected ("calibrated”) to
remove the effect of the cables and connectors. The calibration step brings the
reference plane from the VNA to that of the RF probe tips. During calibration,
error terms are determined on each port of the VNA which are removed from the
measured data in an error-correction step [47]. The error correction terms are
computed by measuring different standards. Details of the calibration process
can be found in [48].
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Figure 2.4: Calibration Kit 101-190C used for calibration in this thesis.

Various types of calibration methods exist, each relying on the measurement
of certain standards. For example, the very popular SOLT calibration method
makes use of Short, Open, Load and Thru standards. An Impedance Standard
Substrate (ISS), also known as a calibration kit or calkit, provides the standards
necessary for calibration.

Interfacing with the Wincal software helped communicate with the VNA
and set up the calibration process by listing the types of probes and calkit
information easily. The type of calibration (SOLT, LRRM etc) could also be
chosen directly on the software. In our case the ISS 101-190C from Cascade
Microtech (Figure 2.4) which is compatible with the calibration of GSG probes
of pitch 100 – 250 um is used in this work.

2.2.2 High-Temperature Characterization Setup and Equipments

In all of the studies in this work, high-temperature characterization has been
used. Details about the specific equipment and probes that need to be kept in
mind for these measurements are listed below.

The measurements were carried out at the WELCOME characterization
facility at Université catholique de Louvain. For high-temperature characteriza-
tion, two probe stations with hot-chuck capabilities, namely the PM8 and MPI
TS3000-SE, were used.
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PM8 Probe Station with Thermochuck

From a measurement setup point of view, a chuck that can be thermally con-
trolled to have an elevation in temperature is needed. A thermochuck from
Temptronic associated with a PM8 probe station allows us to increase chuck
temperature up to 300 °C allowing excellent control of the temperature too
(Figure 2.5).

Figure 2.5: PM8 Probe Station with Thermochuck.

MPI TS3000-SE Probe Station with Thermal Chuck

The MPI TS3000-SE probe station provides a more advanced semi-automatic
measurement setup for various types of characterization as seen in Figure 2.6.
This probe station comes with thermal chuck integration: chuck temperatures up
to 300 °C can also be reached similarly on the MPI TS3000-SE semi-automatic
probe station. Accurate temperature control is guaranteed and the setup provides
a more closed environment. The thermal systems are operable through a fully
integrated touchscreen display positioned conveniently in front of the operator,
enabling quick operation and providing immediate feedback.

Probes

|Z| probes from FormFactor (Figure 2.7), which are compatible with high-
temperature measurements are predominantly used in this work. These probes
are specifically engineered for testing in harsh environments, making them ideal
for our characterization needs. The patented technology behind the |Z| Probe
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Figure 2.6: Measurement setup on the MPI Probe Station.

ensures precise measurements with minimal contact resistance and superior
impedance control. By confining the RF/Microwave signal to a single transition
within the shielded, air-isolated probe body’s coplanar contact structure, signal
integrity remains intact even in extreme temperature conditions [49].

The three-tip GSG (ground-signal-ground) with a pitch of 100 µm is taken
in our case, with equivalent RF pads used in our design. We limit operation
to 175 °C to ensure probe safety and long-term operability. From a frequency
point of view, the Z40 probes used in this work are limited to 40 GHz.

2.2.3 High-Temperature Characterization Safety Tips
Some of the recommended tips to keep in mind during high-temperature char-
acterization are:

1. Separation between the probe and die during temperature change: While
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Figure 2.7: |Z| Probe used for high-temperature measurements.

changing temperature from one value to another, the probe should not be
kept in contact with the die from a probe safety point of view. Changes
due to thermal expansion cause an increase in the height, and in fact, the
contact needs to be readjusted at each temperature point too.

2. Duration of contact: At temperatures over 150°C, limiting probing con-
tact duration is recommended. Ensuring that the probes are separated
from the die as soon as the measurements are completed is suggested.

3. Steadying temperature: While the chuck sensor reaches the targeted
temperature value, it should still be left to stabilize for 30 minutes to
ensure the device is also at the same temperature. Ideally, the longer
this duration, the better, but a timeframe of around 20-30 minutes is
recommended.
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2.3 22FDX® MOSFET Performance at High Temperatures

Having discussed the background of high-temperature electronics, the physical
effects happening in devices at high temperatures, literature review on the same
and characterization setup, we come to our contribution in this domain. The
lack of a thorough study at high temperatures on the most advanced nodes
provides the perfect opportunity to add to the existing literature. With the 22
nm FD-SOI technology from GlobalFoundries being an established choice for
a broad range of applications including harsh environment applications like
automotive electronics, it has been used as the base for devices studied in this
work.

In addition to high-temperature applications, 22FDX® serves low-power
applications, which is of growing importance owing to the widespread expan-
sion of the IoT. Specific applications where low-power RF applications like
ultra-low-power (ULP) radios and RF front-ends are of interest are those of
Bluetooth Low Energy Receiver front-ends [50] [51]. A proposed Ultra-low-
voltage (ULV) RF front-end is shown in [50]. In [52], the use of forward body
biasing on 22 nm FD-SOI MOSFETs has been introduced to design LNAs
under low supply voltage and DC power. In particular, automotive IoT deploys
low-power technology that requires operation under harsh environments [53].
These aforementioned works underline the growing importance of low-power
RF applications in the current electronics market. As applications like auto-
motive electronics potentially face high temperatures along with in-demand
state-of-the-art low-power electronics applications, an attempt to study the
temperature aspects at different bias conditions has also been made.

2.3.1 Objectives

In this work, the results of which have been published in [54] and [55], the
target is to focus entirely on the high-temperature performance of 22FDX®

MOSFETs for a temperature range from room temperature of 25 °C to 175 °C,
going beyond the standard maximum rated PDK temperature value of 125 °C
and that done in the work from Dadash [46]. Having established the fact that
modern high-temperature electronic applications would have to reliably work at
temperatures higher than 125 °C, this prepares a case study of high-temperature
MOSFET performance on an advanced node.

The effect of increased temperature on the RF and mm-wave performance
metrics of advanced FDSOI MOSFETs using on-wafer measurements under
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different drain (Vd) and gate (Vg) bias conditions is studied. With an eye on
low-power applications, studies are additionally made in this work at a lower
drain voltage Vd of 0.6 V compared to the nominal value of 0.8 V. To go
beyond our initial conclusions in [55], we study in detail the small-signal
equivalent circuit (SSEC) parameters and compare the fT and fmax coming
from the computation from SSEC parameters in [54]. The trends are verified
with repeatable measurements over multiple dies. The variation of the RF
FoMs and SSEC parameters of MOSFETs on 22 nm FD-SOI technology going
up to 175°C is demonstrated for the first time to our best knowledge, while
the Process Design Kit (PDK) models are limited to a maximum temperature
value of 125°C. Apart from studying the impact of temperature on peak fT

and fmax, the significance of the gm zero temperature coefficient (ZTC) point is
stressed on. RF FoMs are extracted at three different gate bias conditions (Vg)
corresponding to the maximum gm, to the gm-ZTC, and below the gm-ZTC.

2.3.2 Experimental Details
Device under Test

The device details of the 22FDX® MOSFETs in this study are as follows:
nMOSFETs in common source configuration are used with gate length 20 nm,
total width 60 µm composed of 120 fingers (20 fingers with a multiplicity of 6)
of 0.5 µm finger width.

Measurement Setup

A detailed description of a background on the characterization procedure, equip-
ment, probes and VNAs used for measurements has been discussed in Section
2.2.

For the RF characterization, S-parameters are measured in a frequency
range from 200 MHz up to 40 GHz. The measurements are made on an MPI
TS3000-SE probe station. A PNA-X vector network analyzer and two Ground-
Signal-Ground RF |Z| probes of 100 µm-pitch are used for these measurements.
The probes are compatible with high-temperature measurements up to the
necessary temperature value of 175°C. LRRM (Load-reflect-reflect-match)
method is used for calibration at each temperature point separately. While the
devices are placed on the primary chuck of the probe station that is heated up,
the calibration kit is placed on an auxiliary chuck beside the primary chuck. The
calibration procedure needs to take into account the variation of temperature on
the standard values themselves. It is therefore verified that the resistance of the
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load standard is very steady with temperature and a variation of just 0.3% is
seen which is comparable with the variation of one load standard to another. For
each device, dedicated Open and Short structures are measured and used for de-
embedding. The measurements are carried out at 4 temperature points: 25, 75,
125 and 175°C. The de-embedding structures are measured at each temperature
and used correspondingly for the extractions at those temperature values. While
the primary chuck on the MPI probe station can be heated up to 300°C with
accurate and stable temperature control, the limit of safe temperature range of
operation was the reason for limiting the highest temperature value to 175°C.
To have a steady temperature value while measuring, the whole system was
let to steady for at least half an hour at each set temperature. The back-gate of
FD-SOI was grounded for all the experiments (Vbg = 0 V).

2.3.3 Results and Discussion
IV Characterization
The Id-Vg characteristic of the device is shown in Figure 2.8 in saturation at
Vd = 0.8 V for temperatures varying from 25 to 175°C. One of the primary
observations is that of the Zero Temperature Coefficient (ZTC) point for drain
current Id-ZTC. This is the Vg bias corresponding to which Id is constant with
temperature, observed at around 0.62 V (at Vd = 0.8 V) in measurements. The
Id-ZTC observed in the PDK model with the MOSFET is at Vg 0.57 V. The
difference compared with values extracted from measurements is expected to
be due to external series resistances on the source and drain which can affect
these DC curves.

Another observation that is observed from the logarithmic Id-Vg plot in
Figure 2.9 is the increase in the leakage current Ioff with increasing temperature.
Quantitatively, the measured leakage current is seen to rise by over two orders
of magnitude as the temperature is increased from 25 to 175 °C. This is in accor-
dance with the theory that thermal generation on carriers at higher temperatures
gives rise to greater leakage and quantitatively from [15] which reported an
increase in the leakage current in SOI from pA range at 25°C to around nA
range at around 200 °C. One difference that needs to be pointed out is that of
the subthreshold current modelling in the PDK. As shown in Figure 2.9, it is
seen that the agreement between the measured and PDK for Id is quite good at
room temperature but the difference gets stronger at higher temperatures. The
Io f f in the measurements is seen to be lower than predicted by the PDK.

In Figure 2.10, the ZTC point for the transconductance gm is found to be
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Figure 2.8: Normalized drain current Id in linear scale versus gate voltage Vg at
drain voltage Vd = 0.8V at different temperatures for measurements and PDK.

Figure 2.9: Normalized drain current Id in logarithmic scale versus gate voltage
Vg compared in measurements and PDK for Vd = 0.8 V. The deviation between
measurements and PDK is stronger at higher temperatures.
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Figure 2.10: Variation of gm from DC measurements and PDK at Vd = 0.8 V
with temperature.

for Vg around 0.36 V in measurements and at 0.35 V in PDK, for which gm is
constant with temperature. The reduction in maximum transconductance gm,max
with temperature obtained from DC measurements and PDK simulations is
shown in Figure 2.11 and documented in Table 2.1. While the trends are quite
similar, the percentage variation is seen to be slightly less in the measurements
when compared to the PDK.

Table 2.1: gm,max and its Percentage Reduction with Temperature in PDK and
Measurements at Vd = 0.8 V.

Temperature PDK gm,max PDK Meas gm,max Measurements
(°C) (mS/µm) % Redn (mS/µm) % Redn
25 1.65 0 1.59 0
75 1.53 7.07 1.50 5.60
125 1.42 13.52 1.39 12.15
175 1.33 19.31 1.31 17.14

Similar to the Id behavior compared to the Id-ZTC, gm increases and de-
creases, respectively, below and above the gm-ZTC point. The gm-ZTC could
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Figure 2.11: Variation of maximum normalized transconductance gm,max from
DC measurements and PDK simulations at Vd = 0.8 V with temperature.

be of great importance for applications that require temperature-invariant gm.
As fT is proportional to gm, this relates to a ZTC in fT (where fT does not
change with temperature) at that corresponding ZTC point for gm provided that
the total gate capacitance Cgg,T is relatively independent of temperature (this
shall be shown later).

Threshold Voltage

The threshold voltage has been computed based on the second-derivative method
from [56] in the linear regime. In this method, the Vg at which a maximum in
the second derivative of Id with Vg (that is the first derivative of gm with respect
to Vg) is observed is estimated as the threshold voltage.

Over a range of 25 °C to 175 °C, the measured Vth is seen to decrease
considerably from 0.28 V to 0.19 V, thereby showing a reduction of 0.6 mV/°C
as seen in Figure 2.12. These trends are verified from the PDK where the Vth
values obtained from the second-derivative method obtained at 25, 75, 125,
and 175 °C are 0.29, 0.26, 0.23, and 0.2 V respectively, giving a 0.6 mV/°C
reduction in Vth with temperature. To compare with literature, a 0.6 mV/°C Vth
shift with temperature was reported on UTBB SOI MOSFETs in [57] while
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in [27], the values for dVth
dT ranged between -0.7 and -0.8 mV/°C in thin-film

SOI MOSFETs and between -2.4 and -3 mV/°C for bulk and thick film SOI
MOSFETs. A significantly lower dVth

dT is thus seen for UTBB FDSOI devices
with respect to bulk devices.

Figure 2.12: Variation of threshold voltage Vth with temperature in measure-
ments and PDK.

Small Signal Equivalent Circuit

Figure 2.13 represents the MOSFET small-signal equivalent circuit (SSEC)
used in this study. The circuit consists of an intrinsic part and an extrinsic
part, where the extrinsic part includes the parasitic series resistances and para-
sitic shunt capacitances. To extract the various SSEC elements, the measured
S-parameters are converted into Y and Z-parameters. The conductances and
capacitances are obtained from the real and imaginary parts of the Y-parameters,
respectively, whereas the resistances are from the real parts of the Z-parameters.
The extraction procedure of SSEC elements is described in [58]. Extrinsic
transconductance gm,e and extrinsic output conductance gd,e are obtained from
the real part of Ydg and Ydd respectively and include the contributions of the par-
asitic resistances. The other extrinsic parameters refer to the parasitic elements
while intrinsic parameters refer to the case where the parasitics are removed.
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Figure 2.13: Small-signal equivalent circuit for MOSFET.

Thus, extrinsic parameters Cgd,e, Cgs,e, and Cds,e refer to the parasitic gate-to-
drain capacitance, gate-to-source capacitance, and drain-to-source capacitance,
respectively, while gm,i, Cgd,i, Cgs,i, and Cds,i represent their intrinsic counter-
parts. The gate, drain, and source resistances are represented as Rg, Rd , and Rs

respectively. The total gate capacitance Cgg,T is the sum of the total gate-to-
drain capacitance Cgd,T and total gate-to-source capacitance Cgs,T , while the
source-to-drain resistance Rsd is defined as the sum of source resistance Rs and
drain resistance Rd .

The process of extraction of the SSEC elements has been described in detail
by Babak in [58] and can be referred to for detail. There it was shown that the
procedure of equivalent circuit is valid for UTBB MOSFETs up to 110 GHz.

The initial measurements without de-embedding will still have the parasitics
from the connection pads. Using open de-embedding, the pad parasitics are
removed as shown in Equation 2.15.

YOpen =

[
Ygp 0
0 Ygp

]
(2.15)

The de-embedded impedance with open de-embedding is given by Equa-
tion 2.16:

Z′
DUT =

[
YMeasured −YOpen

]−1 (2.16)
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In the case of Open-Short de-embedding, a couple of additional steps are
needed. First, the capacitance of the short is removed by subtracting YOpen as
below in Equation 2.17:

Y ′
Short = YShort −YOpen (2.17)

The impedance after Open-Short de-embedding is obtained by subtracting
Z′

Short as Equation 2.18.

Z′′
DUT = Z′

DUT −Z′
Short (2.18)

Extraction of Series Resistances

The de-embedded total impedance ZTotal is therefore Z′
DUT for the Open de-

embedding case and Z′′
DUT for the Open-Short de-embedding case.

The total impedance is a sum of the parasitic series impedance ZSeries and
the device impedance ZDevice from Equation 2.19.

ZTotal = ZSeries +ZDevice (2.19)

From this ZTotal, the impact of the series resistances is removed first to
extract the device impedance ZDevice in Equation 2.20.

ZDevice = ZTotal −ZSeries (2.20)

The general procedure with which this computation has been made is
discussed below with sample extraction plots depicting the process. Amongst
different methods in literature [59] [60] to extract SSEC, Bracale’s method [61]
is demonstrated to be the most robust and precise. This approach relies on the
correlation between the MOSFET’s channel conductance gd and the overdrive
voltage (Vg −Vth) in cold FET condition (Vd = 0 V) and in high inversion
(Vg >Vth). For this biasing condition, the small-signal equivalent circuit of the
MOSFET simplifies to the configuration in Figure 2.14 [58].

With port 1 being connected to the gate and port 2 to the drain, the equations
for the extrinsic series resistances formulated by Bracale [61] are given in
Equation Equations 2.21, 2.22, and 2.23:

Re(Z22 −Z12) = Rd +
1

2gd
(2.21)
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Figure 2.14: SSEC for modelling MOSFET in cold bias (Vd = 0 V) and high
inversion (Vg >Vth).

Re(Z12) = Rs +
1

2gd
(2.22)

Re(Z11 −Z12) = Rg −
1

4gd
(2.23)

From the corresponding Z-parameter plots, a suitable averaging frequency
range is selected over a region where the curves are mostly flat. In that range,
based on the different considered Vg bias points in strong inversion in cold FET
condition (Vd = 0 V), a simple linear regression of the averaged values with
respect to the reciprocal of the overdrive voltage helps in extracting the series
resistances [61]. A sample extraction process with corresponding plots is shown
below.

1. Series Gate Resistance
For Rg extraction, the Re(Z11 −Z12) is first taken at 4 different strong
inversion biases of 0.6, 0.7, 0.8, and 0.9 V. Averaging is made over the
frequency range from 15 to 20 GHz in this case, as seen below from the
dashed lines in the Figure 2.15. The extraction of Rg is relatively trickier
compared to the other resistances and it is therefore important to have a
good contact during measurements backed by careful extraction based
on the frequency range of averaging.
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A linear regression of the Re(Z11 −Z12) values is made with respect to
the overdrive voltage (Vg −Vth) for the four Vg biases considered. Rg is
extracted as the Y-intercept of the linear regression plot in Figure 2.16.

Figure 2.15: Frequency variation of Re(Z11 −Z12) for Rg extraction.
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Figure 2.16: Linear regression of Re(Z11 −Z12) with reciprocal of overdrive
voltage for Rg extraction.

2. Series Source Resistance
The procedure for Rs extraction from Re(Z12) is similar to that of Rg,
except for the fact that the averaging frequency range in this case is from
3 - 6 GHz (Figure 2.17 and Figure 2.18). It is to be noted that selecting
the averaging frequency is crucial for each extraction; it needs to be
selected properly based on the inspection of the plot. A similar linear
regression helps in obtaining Rs from its Y-intercept.

3. Series Drain Resistance
Rd is extracted from Re(Z22 −Z12) over an averaging frequency range,
in this case, from 3 to 6 GHz as well. Figure 2.19 and Figure 2.20 show
the corresponding extractions.
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Figure 2.17: Frequency variation of Re(Z12) for Rs extraction.

Figure 2.18: Linear regression of Re(Z12) with reciprocal of overdrive voltage
for Rs extraction.
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Figure 2.19: Frequency variation of Re(Z22 −Z12) for Rd extraction.

Figure 2.20: Linear regression of Re(Z22 −Z12) with reciprocal of overdrive
voltage for Rd extraction.
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Extraction of Extrinsic Capacitances
The device admittance YDevice, reciprocal of ZDevice, then allows for the extrac-
tion of the intrinsic and extrinsic elements from Equation 2.24.

YDevice = Z−1
Device = Yintrinsic +Yextrinsic (2.24)

Following the extraction of the series resistances, the parallel extrinsic
capacitances can be then extracted in deep depletion (Vg < 0V) in cold bias
condition (Vd = 0V) in which the SSEC is reduced to the one shown in Figure
2.21.

Figure 2.21: SSEC for modelling MOSFET in cold bias (Vd = 0V) and deep
depletion (Vg < 0V) [58].

As there is no intrinsic part in this condition, gd and gm are neglected.
Yextrinsic can be related to the extrinsic capacitances by Equation 2.25.

Yextrinsic =

[
jω(Cgs,e +Cgd,e) − jωCgd,e

− jωCgd,e jω(Cds,e +Cgd,e)

]
(2.25)

Cgs,e,Cds,e and Cgd,e can be obtained using Equations 2.26, 2.27 and 2.28.

Cgs,e =
Im(Y11 +Y12)

ω
(2.26)
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Cds,e =
Im(Y22 +Y12)

ω
(2.27)

Cgd,e =− Im(Y12)

ω
(2.28)

An example of extraction of extrinsic capacitances is shown in Figure 2.22,
the averaging of Y/ω is made over a selected frequency range of 1.5 - 3 GHz.

Figure 2.22: Extraction of extrinsic capacitances Cgd,e,Cgs,e and Cds,e from the
imaginary part of Y parameters.
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Extraction of Intrinsic Elements
The intrinsic parameters, namely the transconductance gmi, output conductance
gdi and the total capacitances Cgs,T,Cgd,T and Cds,T are then extracted in satura-
tion and strong inversion (Vd = 0.8 V, Vg > Vth). The equivalent circuit after
removal of the series resistances is shown in Figure 2.23.

Figure 2.23: SSEC for modelling MOSFET in saturation (Vd = 0.8V) and
strong inversion (Vg >Vth) [58].

From the equivalent circuit above, Ydevice can be obtained from the Equation
2.29 below:

Ydevice =

[
jw(Cgs,T +Cgd,T) − jwCgd,T
gm,i − jwCgd,T gd,i + jw(Cds,T +Cgd,T)

]
(2.29)

The intrinsic transconductance and output conductance are obtained from
Equations 2.30 and 2.31:

gm,i = |Im(Y21 −Y12)| (2.30)

gd,i = Re(Y22) (2.31)

The total capacitances are obtained from the following Equations 2.32 -
2.34:
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Cgs,T =
Im(Y11 +Y12)

ω
(2.32)

Cds,T =
Im(Y22 +Y12)

ω
(2.33)

Cgd,T =− Im(Y12)

ω
(2.34)

Finally, the intrinsic capacitances can be extracted as the difference between
the total and the extrinsic capacitances as shown in Equations 2.35 - 2.37.

Cgs,i =Cgs,T −Cgs,e (2.35)

Cgd,i =Cgd,T −Cgd,e (2.36)

Cds,i =Cds,T −Cds,e (2.37)

With the SSEC parameter extraction process described, the obtained results
are illustrated. Both the maximum intrinsic and extrinsic transconductances gm,i

and gm,e show a degradation of around 18% going from 25 to 175°C, respec-
tively, as demonstrated in Figure 2.24. The trends are verified for two different
Vd cases, 0.8 V and 0.6 V with Vg corresponding to gm,max. A similar range
of degradation in gm,i was observed in case of bulk and PDSOI technologies
studied in [40] was found to be 16.5% and 20.2% respectively. An increase
of around 10% is observed in intrinsic and extrinsic gd . The absolute value of
gm,e extracted from RF measurements is noted to be higher than that from DC
measurements because of the removal of dynamic self-heating in the former
case.

Figure 2.25 demonstrates the variation of total intrinsic gate capacitance
Cgg,Ti (Cgs,i+Cgd,i) versus temperature, extracted for Vd = 0.8 V and 0.6 V each.
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Figure 2.24: Variation of maximum normalized intrinsic and extrinsic transcon-
ductance gm,i and gm,e and output intrinsic and extrinsic conductance gd,i and
gd,e with temperature at Vd = 0.8 V (solid lines) and 0.6 V (dashed lines) and
Vg corresponding to gm,max.

Cgg,Ti extracted is mainly steady over the temperature range of 25 to 175°C,
varying by only a few fF which is within the range of the extraction precision.
Capacitances Cgs,i, Cgd,i, Cds,i are also individually found to be steady with
temperature.

The degradation of gain AV , calculated as the ratio of gm,i/gd,i, with increas-
ing temperature at the bias condition Vd = 0.8 V and Vg = 0.6 V is shown in
Figure 2.26. A 23% reduction in AV is followed up from decreasing intrinsic
gm,i and slightly increasing gd,i on increasing the temperature from 25 to 175°C.

Figure 2.27 shows the variation of resistances with temperature. It is
observed that both the gate resistance Rg and the source-to-drain resistance Rsd
(Rs +Rd) increase with temperature. In [46], Rg was observed to rise around
22% on increasing the temperature from 25 to 125°C, in line with the 15% rise
in Rg observed in the trends in this work. In the PDK, the increase in Rg is
modelled to be higher than the values reported in our work and in [46] too, with
a 34% rise over the 25 to 125°C mentioned above. The rise in Rg from 25 to
175°C in the PDK is found to be as high as 50%. This is one specific aspect that



2.3 22FDX® MOSFET Performance at High Temperatures 51

needs to be studied better, given that it also dictates strongly the fmax extraction.

Using the SSEC, the S-Parameters are reconstructed; a comparison between
the measured S-parameters and the ones reconstructed using the SSEC in Figure
2.28 shows a good fit for the room temperature measurements.

Figure 2.25: Variation of normalized total intrinsic gate capacitance Cgg,Ti
(Cgs,i +Cgd,i) with temperature at Vd = 0.8 V and 0.6 V with Vg corresponding
to gm,max.
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Figure 2.26: Variation of intrinsic voltage gain AV with temperature for Vd =
0.8 V and Vg corresponding to gm,max.

Figure 2.27: Variation of gate resistance Rg and source-drain resistance Rsd
(Rs +Rd) with temperature.
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Figure 2.28: Comparison of S-parameters measured and reconstructed from
SSEC at room temperature for Vd = 0.8 V and Vg = 0.6 V.
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Extraction of RF Figures-of-Merit
Two salient RF Figures of Merit (FoMs) are the current-gain cut-off frequency
fT and maximum oscillation frequency fmax. fT is recognized as the unity
current gain frequency, where the short circuit current gain (H21) reaches unity
(0 dB), and the maximum oscillation frequency, fmax, denotes the frequency at
which the unilateral power gain (U) equals unity (0 dB). fT and fmax can also
be related to SSEC parameters. Commonly used expressions for computing fT

and fmax in this way are shown in Equations 2.38 and 2.39.

fT ≈ gm,e

2πCgg,T
(2.38)

fmax ≈
fT

2
√

(2π fT RgCgd,T )+(Rs +Rg)gd,e
(2.39)

An example of fT and fmax computation from H21 and U plots can be seen
in Figure 2.29. Computation of fT and fmax are done by averaging over a
desired frequency range; reaching at least 15 GHz is necessary to have reliable
fT and fmax results.

Figure 2.29: Short-circuit current gain H21 and unilateral power gain U plots
versus frequency for Vd = 0.8 V and Vg = 0.6 V.
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The effect of an increase in temperature on fT and fmax is now investigated.
fT and fmax are computed by two methods: first from the extrapolation of
the current gain H21 and unilateral gain to 0 dB, respectively (which are in
turn found from the S-parameter measurements). The values obtained from
this method are referred to as those measured. Second, fT and fmax are also
computed from formulae Equations 2.38 and 2.39, respectively, involving
the extracted SSEC parameters. The values obtained thus are referred to as
the formula. While a good correlation is demonstrated between the fT and
fmax values obtained from the measurements and the formula using SSEC
parameters, it is to be noted that the frequency range of averaging impacts
the extracted values. All the fT and fmax values have been normalized with
respect to the peak fT and fmax value (for Vg corresponding to maximum gm) at
room temperature of 25°C. Computation of fT and fmax has been carried out
under three different bias conditions as well in order to better demonstrate the
significance of the gm-ZTC point. Each of these cases has Vd of 0.8 V or Vd of
0.6 V (for low power applications) whereas the Vg is varied (i) corresponding to
gm,max in which case the peak fT and fmax are observed, (ii) corresponding to
gm-ZTC, and (iii) below gm-ZTC, at a value of Vg of 0.3 V.

Extractions at Vd = 0.8 V
Firstly, considering the Vg corresponding to gm,max bias condition and Vd = 0.8
V, it is observed from Figure 2.30 that fT degrades in a similar manner to gm as
expected. Qualitatively, referring back to Equation 2.38, fT is proportional to
gm,e and this is the basis of this deduction. Following up from this, fmax is seen
to be degrading with temperature as well in Figure 2.31. Going from room
temperature of 25 °C to 175 °C, a reduction of around 20% can be observed for
both peak fT and fmax, respectively, for Vg corresponding to gm,max.

Secondly, the bias condition considered was Vg corresponding to gm-ZTC
(0.36 V in this case) and Vd = 0.8 V. At this gm-ZTC bias point, gm is independent
of temperature and therefore we expect a much steadier fT and fmax value with
temperature since gm is one of the main factors affecting both. This is verified
from the Figures 2.30 and 2.31 below where fT is extremely stable with
temperature (varying by 3% only over the temperature range) and fmax also
shows a relatively reduced variation of 10%. The fact that the variation of
the resistances also come into play for the fmax reduction makes its behaviour
somewhat more variable than that of fT . Given the fact that the absolute value
of gm at this bias point is lesser than that at the gm,max point, the absolute values
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Figure 2.30: Variation of normalized current-gain cut-off frequency fT with
temperature at Vd = 0.8 V and Vg corresponding to gm,max, gm-ZTC and 0.3
V (below gm-ZTC). Normalization with respect to fT at Vg corresponding to
gm,max at 25°C, Vd = 0.8 V.

of fT and fmax are lower compared with the gm,max case that is evident from the
magnitude of the normalized values at this bias condition.

Thirdly, for a bias condition situation where Vg is 0.3 V and Vd = 0.8 V,
that is Vg is below the gm-ZTC of 0.36 V, an improvement in fT of around
20% is observed with temperature in Figure 2.30. This is due to an expected
improvement in gm with temperature under this bias condition. The fmax
degradation at this bias is also much lesser than in the two aforementioned cases.
fmax is found to be relatively steady with temperature. This can be explained by
the improvement of fT with temperature that is directly proportional to fmax in
Equation 2.39. Note that the magnitudes of fT and fmax are reduced further in
this case because of further reduction in the magnitude of gm itself at lower Vg

bias. At Vd 0.8 V, the absolute values of peak fT and fmax were 325 GHz, and
352 GHz respectively.
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Figure 2.31: Variation of normalized maximum oscillation frequency fmax with
temperature at Vd = 0.8 V and Vg corresponding to gm,max, gm-ZTC and 0.3 V
(below gm-ZTC). Normalization with respect to fmax at Vg corresponding to
gm,max at 25°C, Vd = 0.8 V.

Extractions at Vd = 0.6 V

From a DC power point of view, Pdc = IdVd , lowering Vd results in lower
Id as well, thereby further lowering the IdVd product Pdc. When Vg is kept
constant at 0.8 V at 25°C, Pdc is reduced around 29% from 35 mW to 25 mW
by stepping down Vd from 0.8 V to 0.6 V in line with low power application
trends. Alternatively, at Vd = 0.8 V, stepping down Vg to 0.6 V and 0.36 V
corresponding to gm,max and gm,ZTC respectively reduces Pdc by 41% and 87%,
seen in Figure 2.32.

The variation in fT and fmax is studied next with Vd being stepped down to
0.6 V (from the earlier case of 0.8 V) for the three different Vg bias conditions
again: Vg for gm,max, Vg at gm-ZTC), and Vg = 0.3 V (below gm-ZTC). The trends
observed in Figure 2.33 and Figure 2.34 are similar and the fT and fmax ZTC
are observed around gm-ZTC and Vg = 0.3 V, respectively. At Vd = 0.6 V, the
absolute values of peak fT and fmax were 302 GHz and 322 GHz respectively.

From a magnitude point of view, moving to Vd = 0.6 V reduces peak fT and
fmax by 7% and 10.8%, respectively. Thanks to the high fT and fmax offered
by this technology, moving from Vd = 0.8 V to 0.6 V provides around 29%



58 2. Impact of High Temperature on MOSFET Performance

Figure 2.32: Pdc variation with Vd showing percentage Pdc reduction at various
biases.

Figure 2.33: Variation of normalized current-gain cut-off frequency fT with
temperature at Vd = 0.6 V and Vg corresponding to gm,max, gm-ZTC, and 0.3
V (below gm-ZTC). Normalization with respect to fT at Vg corresponding to
gm,max at 25°C, Vd = 0.6 V.
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Figure 2.34: Variation of normalized maximum oscillation frequency fmax with
temperature at Vd = 0.6 V and Vg corresponding to gm,max, gm,ZTC, and 0.3
V (below gm-ZTC). Normalization with respect to fmax at Vg corresponding to
gm,max at 25°C, Vd = 0.6 V.

reduction in Pdc while affecting fT , fmax to a very limited extent. The resulting
fT , fmax values are high enough for standard RF applications.

The variation in fT and fmax from 25 to 175 °C is compared between PDK
simulations and measurements in the tables below. Table 2.2 displays the
percentage variations of fT , while Table 2.3 presents the percentage variations
of fmax.

The analysis of both the PDK and measured data shows that while the
overall trends in fT and fmax variations are consistent across PDK simulations
and measurements, the exact magnitudes mainly of fmax differ. A closer agree-
ment is seen with the trends in fT , specifically the reduction in that of peak fT

corresponding to Vg at gm,max. Especially, at Vg = 0.3 V, the PDK still shows a
perceivable reduction in fmax whereas in measurements fmax is found to vary
little with temperature at that bias.
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Table 2.2: Percentage Variations of fT over 25 to 175 °C at Different Vd and Vg

Biases.

Vd (V) Vg Bias Condition Measurements PDK
0.8 At gm,max -22% -20%
0.8 At gm ZTC -3% +2%
0.8 Vg = 0.3 V, Below gm ZTC +18% +16%
0.6 At gm,max -22% -22%
0.6 At gm ZTC -10% +3%
0.6 Vg = 0.3 V, Below gm ZTC +21% +21%

Table 2.3: Percentage Variations of fmax over 25 to 175 °C at Different Vd and
Vg Biases.

Vd (V) Vg Bias Condition Measurements PDK
0.8 At gm,max -21% -28%
0.8 At gm ZTC -11% -18%
0.8 Vg = 0.3 V, Below gm ZTC -2% -11%
0.6 At gm,max -22% -30%
0.6 At gm ZTC -13% -17%
0.6 Vg = 0.3 V, Below gm ZTC -1% -10%

2.3.4 Performance Tuning with Back-Gate

Using the back-gate bias to improve the performance or leakage applications
by shifting the threshold voltage has been a prominent technology offering in
22FDX® [19]. By biasing on the back-gate, the impact of temperature variation
on the device threshold voltage can be countered, making this an efficient tuning
switch.

While an increase in temperature from 25 to 125 °C decreases the threshold
voltage from 0.29 V to 0.23 V at 0.6 mV/°C, a similar trend can be seen by
increasing the Vbg. From PDK simulations, it is seen that the variation in Vth
with Vbg is around 80 mV/V, in line with the 85 mV/V value reported in [22]
on 28 nm FDSOI technology. This means that at high temperatures, by using
a suitable voltage on the back-gate, the Vth can be increased to offset the Vth
shift due to temperature and thus keep the voltage overdrive (Vg −Vth) for a
certain Vg bias of operation. As an example, let us consider the cases at 25 °C
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and 125 °C from the PDK model. This 100 °C rise in temperature reduces the
Vth from 0.29 to 0.23 V, a reduction of 60 mV. Knowing the 80 mV/V variation
rate of Vth with Vbg, applying -0.75 V on the back-gate should compensate for
the temperature effect on Vth. From the PDK simulations at Vbg -0.8 V, the Vth
offset is seen in Figure 2.35.

Figure 2.35: Using back-gate voltage Vbg to offset the change in threshold
voltage Vth.

Further studies to ascertain the impact of Vbg on other FoMs are investigated
in the PDK. The expectation from DC results is that the Vbg can help in tuning
the device performance. However, it is seen that the impact of varying Vbg on
the FoMs is much more limited compared to that of temperature. Without Vbg,
the variation of peak fT and fmax taken at Vd = 0.8V and Vg = 0.59V is shown
in Table as follows:

Table 2.4: Variation of Peak fT and fmax without Vbg variation

Without Vbg 25 ◦C 75 ◦C 125 ◦C 175 ◦C
fT (GHz) 323 299 278 257

fmax (GHz) 342 305 274 247

Following this, by adjusting Vbg in a way that Vov remains the same for the
different temperatures, the fT and fmax obtained by using Vbg is given below.
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Table 2.5: Variation of Peak fT and fmax with Vbg variation to keep same
overdrive voltage

With Vbg 25 ◦C 75 ◦C 125 ◦C 175 ◦C
Vbg = 0 V Vbg = -0.4 V Vbg = -0.8 V Vbg = -1.2 V

fT (GHz) 323 300 277 256
fmax (GHz) 342 312 287 259

It is noted that while there is a slight improvement in fmax (10-15 GHz) on
using the Vbg bias in comparison to the case where Vbg is not used, the variation
in fT is very small.
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2.4 Conclusions
The impact of increased ambient temperature on the performance of 22 nm
FD-SOI MOSFETs is investigated in this chapter. This becomes crucial for
understanding and predicting the behaviours of electronic devices and circuits
working in high-temperature environments, many of which see a stark increase
in applications.

From the Id-Vg characteristics, ZTC points for Id and gm were found to
be at gate voltages Vg of 0.62 V and 0.36 V, respectively. For the RF FoMs,
around 20% reduction in both peak fT and peak fmax was observed when the
temperature is increased from 25 to 175°C. Thanks to the extraction of the
SSEC, the degradation in gm with temperature was found to be one of the major
factors for the reduction in the aforementioned FoMs with the capacitances
being mostly steady with temperature while the resistances are seen to increase.
At the gm-ZTC point, fT and fmax are found to be more stable with temperature,
with fT varying within 3% and fmax varying around 11%. Below the gm-ZTC
point for Vg of 0.3 V, an improvement in fT with temperature of around 20%
is seen whereas fmax is found to be rather steady with temperature. From a
low-power application point of view, stepping down Vd from 0.8 V to 0.6 V
helps in reducing Pdc while affecting fT and fmax limitedly, motivating the
possibility to go to this bias condition when necessary.

Comparisons with the PDK are also made for high-temperature studies
and similar trends on threshold voltage variation, gm,max reduction and also fT

variation are obtained. However, measurements consistently report lower Io f f

than PDK predictions and fmax variation seems to be somewhat greater in the
PDK.

Utilizing the back-gate in FDSOI technology to tune RF performance over
temperature is a prospect for future research. The threshold voltage impact
coming from temperature can be improved by using a suitable back-gate bias.
However, it is seen that the temperature impact on gm degradation reduces peak
fT and fmax strongly rendering back-gate bias ineffective in improving he RF
FoMs.





3. Self-Heating Characterization Techniques

This chapter studies the different aspects of self-heating characterization, espe-
cially the most relevant ones for state-of-the-art MOSFETs. From literature, two
of the most widely used techniques for advanced MOSFETs, namely the gate-
resistance technique and the RF technique are investigated in detail. Through
experimental analysis of the techniques on the same devices, the advantages
and limitations of each of the techniques are highlighted. Furthermore, the
impact of device layout on SH characterization is looked into; it is seen that for
the same core MOSFET, layout-related factors (like specific test structures for
characterization) could affect SH extraction. In the process, an attempt is made
to understand the SH problem better and the heat evacuation paths in devices.
The chapter flow can be seen in Figure 3.1.

3.1 Introduction to Thermal Characteristics: Thermal Resistance,
Thermal Capacitance and Thermal Time Constant
Thermal resistance and thermal capacitance are two main figures of merit that
help in quantifying the thermal characteristics of devices.

Thermal resistance Rth is a measure of the resistance that a material offers
to the flow of heat. It is defined as the ratio between the temperature difference
between the two faces of the material and the rate of heat flow. The higher
the thermal resistance, the more difficult it is for the heat to flow through the
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Figure 3.1: Overview of Chapter 3.

material.

Thermal capacitance Cth, on the other hand, represents the heat stored in
a material. While thermal resistance Rth is related to heat transfer through the
material, thermal capacitance pertains to heat storage in the material [62]. The
thermal resistance is mainly related to the surface area for heat evacuation while
the thermal capacitance is related to the device volume.

The thermal time constant of the device is the product of the thermal
resistance and thermal capacitance (Equation 3.1).

τth = RthCth (3.1)

The characteristic thermal frequency is related to the thermal time constant
as per Equation 3.2:

fth =
1

2πτth
(3.2)

The thermal time constant is inversely proportional to the surface-to-volume
ratio which increases highly in advanced devices. Therefore a reduction of
thermal time constants is observed as technology advances from PSDOI to
advanced FDSOI nodes like UTB, UTBB, FinFETs and nanowires as reported
in [63].

3.1.1 Thermal and Electrical Analogy
The thermal problem can be represented as an analogous equivalent electrical
problem: an analogy between the electrical and thermal Ohm’s law can be seen
in Figure 3.2.
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Figure 3.2: Analogy of the thermal and electrical problem.

The corresponding electrical and thermal parameters and how they are
interrelated are demonstrated in Figure 3.3.

Figure 3.3: Relation between thermal and electrical parameters.

With a background on the thermal parameters that will be necessary in
assessing the thermal performance of our devices, we move to an in-depth
discussion of SH.

3.2 Self-Heating Effect

With the basics of SH its causes the impacts elevated device temperatures on
performance and reliability introduced in Chapter 1 and Subsection 2.1.1, the
thermal equivalent circuit of SH (Figure 3.4), with the temperature rise with
respect to the ambient being seen as a result of power dissipation in the device.
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Figure 3.4: Thermal equivalent circuit.

SH is not a recently discovered phenomenon, it has been reported in liter-
ature for over a few decades. At high power dissipation levels, local hotspots
were seen in MOSFETs almost 50 years back in [64]. Back in 1989, Mautry and
Trager found MOSFET temperature rises of up to 60 °C on a 0.6 um MOSFET
[65].

SH was studied on SOI devices too. In 1992, the fact that SH is the rea-
son behind negative differential resistance in SOI MOSFETs was proposed by
McDaid et al. [66]. In the same year, the influence of SH on SOI MOSFET
parameters was studied through a comparison of electrical and electrothermal
modelling in [67]. Also in 1992, a method of computing dynamic self heating
was proposed by Caviglia in [68]. In 1999, Jin [69] explained a way of estimat-
ing Rth and Cth using the variation in output conductance gd in AC conductance
studies.

All of the above clearly shows that the scientific community has been aware
of the self-heating phenomenon for a while. Building upon the same, we
investigate the current scenario of SH on the most advanced devices with a
comparison of the SH problem on older devices (on other technologies too)
with respect to the latest ones. To investigate SH in state-of-the-art devices, we
look into these devices’ material properties and heat transfer mechanisms.
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3.3 Thermal Conductivities of Materials in MOSFETs

As stated previously in the causes of SH, the thermal conductivity of the materi-
als used for the fabrication of the MOSFET comes into play in determining the
heat evacuation. We take a look at the values for some of the commonly used
materials and thin films in advanced MOSFETs:

Table 3.1: Thermal Conductivity of Various Materials used in MOSFETs.

Material Thermal Conductivity (Wm−1K−1)
Si (bulk) [70] 148
Ge (bulk) [70] 60
Silicides [70] 40
Si (10 nm) [70] 13
SiO2 (bulk) [70] 1.4
HfO2 (bulk) [71] 1.3

From Table 3.1 above, the following inferences can be made for the different
materials:

1. Bulk Silicon Substrate: The bulk Si substrate is relatively one of the most
thermally conductive layers with a thermal conductivity of 148 Wm-1K-1

[70].
2. Silicon Thin-film: The thermal conductivity of thin Silicon films are

observed to be degraded drastically from the bulk silicon value. This
happens due to phonon boundary scattering in thin films, as described
later. This implies that the thermal conductivity of thin channel, source
and drain regions in advanced MOSFETs would be lower than the bulk
silicon value.

3. SiO2: In SOI MOSFETs, an SiO2 BOX is employed to better electrical
isolation of the channel from the substrate. However, with the thermal
conductivity of bulk SiO2 being 1.4 Wm-1K-1, which is two orders of
magnitude lower than that of bulk Silicon. Additionally, the thermal
conductivity of a 20 nm thin SiO2 film (used in the 22FDX® technology
in this study) can be further degraded to around 1 Wm-1K-1, owing to
dominant boundary resistances described later.

4. HfO2: In [72], the thermal conductivity of HfO2 film was reported to
be around 0.4 – 0.7 Wm-1K-1 for thicknesses varying from 5.6 nm to 20
nm compared to bulk values of around 1.3 Wm-1K-1 [71]. With thin film
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HfO2 being a widely used gate-dielectric material, this is representative
of the thermal resistance of the gate region.

3.3.1 Mechanisms Affecting Thermal Properties of Thin Films

For thin films, some specific mechanisms and effects come into play to dictate
heat transport. Two such dominant mechanisms are listed here.

Phonon Scattering

Heat transmission in metals is dominated by electrons whereas in semiconduc-
tors and dielectrics, phonons conduct the thermal energy [73]. Therefore, the
mobility of the phonons determines the thermal properties of semiconductor
and dielectric materials. The significance of boundary scattering becomes more
pronounced as the ratio between the mean free path of the primary heat carriers
(phonons) and the thickness of the layer increases [73]; as the layer thickness
reduces and approaches the phonon mean free path, a decrease in thermal
conductivity is encountered.

1. Silicon: The phonon mean free path for bulk Silicon is around 200-300
nm, therefore Silicon channels in MOSFETs thinner than these values
shall show lesser thermal conductivity compared to the bulk value. Using
Matthiessen’s rule estimate for the phonon mean free path, the thermal
conductivity of undoped ultrathin silicon and germanium films plotted in
[74] has been shown in Figure 3.5. A drastic degradation of the thermal
conductivity Silicon films in ranges upto 30 nm is seen below compared
to a bulk Silicon conductivity value of 148 Wm-1K-1 [70].

2. SiO2: Phonon boundary scattering for SiO2 is only expected to be of
importance in films thinner than 3.5 nm and most authors converge on the
opinion that it is not of much practical significance unlike that of Silicon
[75]. However, the thermal conductivity of thin SiO2 films below 100
nm decreases due to thermal boundary resistance with surrounding layers
which is explained next.

Thermal Boundary Resistances (TBR)

Thermal Boundary Resistances (TBR), also known as interfacial thermal resis-
tance (ITR) or Kapitza resistance is the resistance coming up at the boundaries
(or interfaces) between materials. TBRs are present between different types of
interfaces like metal-semiconductor, semiconductor-dielectric etc where various
effects result in the lowering of thermal conductivity.
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Figure 3.5: Variation of thermal conductivity of Si and Ge thin films with
film thickness [74]. The reduction in thermal conductivity with reduced film
thickness is a direct consequence of phonon scattering.

In Pop et al. [70], the main origins of TBR are reported to be not well
understood but are most likely attributed to factors such as phonon dispersion
mismatch, energy conversion between heat carriers (electron–phonon), atomic-
scale surface irregularities or porosity at the interface of the two materials [76].
Back in 1997, Lee et al. demonstrated that for thin SiO2 films, a TBR equivalent
to a 20 nm thick layer of SiO2 is present between the SiO2-Si interface that
comes into play as the physical thickness of the film decreases [75]. More
recently in 2022, Wu et al. [77] comparative study of interfacial thermal con-
ductance between metal and semiconductor reported that the phonon-phonon
interaction at metal-semiconductor interface plays the main role in in heat
transport.

An in-depth understanding of TBRs is crucial going ahead to estimate
thermal properties of the most advanced MOSFETs. With thin films and
different types of materials (high-k dielectrics, multi-layer gate stacks) and
therefore multiple interfaces (metal-dielectric, semiconductor-dielectric) being
used, more research in this area is needed.



72 3. Self-Heating Characterization Techniques

3.3.2 Thermal Conductivity Variation with Temperature
It is pertinent to note that the material thermal conductivity is dependent on
temperature, especially given the different studies in this thesis related to various
high-temperature impacts on devices. The variation of thermal conductivities
of Si and SiO2 with temperature is shown in Figure 3.6 below, taken from [78]
which could result in a variation in Rth. It was revealed that the Rth in FDSOI
MOSFETs was mainly dictated by the thermal conductivity of the BOX with
the channel thickness playing a secondary role. The degradation of thermal
conductivities of both Si and SiO2 at cryogenic temperatures was the reason for
the increased thermal resistance of SOI MOSFETs at these temperatures. There
is approximately an order of magnitude degradation in the thermal conductivity
of SiO2 at 10 K compared to room temperature; this is shown to increase the
Rth almost four times as reported in [78].

Figure 3.6: Variation of thermal conductivity of Si and SiO2 with temperature
[78].

As the thermal conductivity of SiO2 increases with temperature, we intu-
itively expect a reduction of Rth on going to temperatures higher than room
temperature. However, as the increase in thermal conductivity going from 300
K to 400 K is not as drastic as the increase from 10 K to 300 K, Rth reduction is
expected to be limited. The variation of Rth at higher temperatures, the range of
our interest in this thesis, is studied later in Section 3.7.
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3.4 Self-Heating Studies in Literature
The fact that the lower thermal conductivity of the BOX is worsening the SH
problem in SOI devices compared to bulk has been widely reported in literature
over the years.

Back in 1994, Su [79] demonstrated that device temperature rise as high as
100 °C can occur due to SH in SOI devices. In 1995, Dallmann showcased SH
aggravation in SOI MOSFETs compared to bulk through simulated temperature
profiles [80].

More recently in 2016, [81], for 28 nm gate length devices, the thermal re-
sistance in FDSOI was observed to be 143 Kµm/mW compared to 42 Kµm/mW
for its bulk counterpart, a factor of around 3.4 times higher. The temperature
rise from SH at a Vd and Vg bias of 1 V was found to be 32 °C and 87 °C in bulk
and FDSOI for the 28 nm length devices. The dependence of Rth on the gate
length was less pronounced in bulk devices compared to FDSOI: the dominance
of the thermal path through the substrate in bulk devices across all gate lengths
was attributed to be the main reason for the same.

3.4.1 Self-Heating with Dimension Scaling
The primary reason for growing SH in smaller devices is that of higher power
densities with ever-shrinking device sizes. In 2006, Pop [70] showed the trends
in exponentially increasing on-chip power density trends with miniaturization
and reported that power density trends in nanoscale devices could be as much
as a nuclear reactor and expected to increase further.

Rising thermal resistance with reducing gate length has been reported in
28 nm FDSOI technology using the RF characterization technique for SH as
shown below in Figure 3.7 [82] [83]. The fact that technology scaling increases
the thermal resistance in bulk MOSFETs was demonstrated in recent studies
in 2016 by Uchida [84] using the gate-resistance technique. Rising Rth trends
were also observed from device simulations by Fiegna in [85].

It is therefore established that increasing Rth with reduced device lengths is
a factor affecting advanced nodes regardless of the type of technology (bulk,
SOI etc); this makes it necessary to study it thoroughly in such devices.
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Figure 3.7: Increase of Rth with decreasing device length in 28 nm FDSOI
MOSFETs reported by Nyssens [83] and Makovejev [82] using RF technique
for SH characterization.

3.5 Self-Heating Characterization Techniques

Different techniques of experimentally estimating SH exist in literature: the
basic idea behind these techniques is to have a thermally sensitive metric that
can help in this assessment. Prasad extensively reviews various such techniques
in [12] ranging from analytical techniques like scanning thermal microscopy,
thermal IR imaging, time-integrated near-infrared (NIR) emission to electrical
DC and RF techniques like thermometry based on a neighbour transistor or
diode, noise thermometry amongst others.

An interesting quote from [12] is that “there is no right or wrong measure-
ment technique—the choice depends on the requirements and constraints of
the end-user”. Cross-validation of different techniques could be important to
get a clearer picture of the thermal problem given the imperfections of each
technique. this makes it important to assess the applicability of these techniques
and possible differences (along with reasons for the same) arising in extractions
from them.

In this work, we limit ourselves to the analysis of the few most prominent
DC and RF electrical techniques for SH characterization of advanced MOSFETs
and evaluate their strengths and weaknesses.
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3.5.1 Pulsed IV Technique
The pulsed IV technique was proposed by Jenkins back in 1995 [86]. It has
been used for self-heating estimation in numerous following works, detailed by
Jenkins further in [87] and used in Anghel in [88].

In the pulsed IV technique, adequately short gate voltage pulses compared
to the thermal time constant of the device are used to not heat the channel.
This enables obtaining drain current Id that is free of SH. Once a voltage
pulse is applied to the gate and a DC voltage is supplied to the drain, the
resulting drain current travels through a shunt, typically with a resistance of
50 Ω, connected in series with the drain. The voltage drop across this shunt
is then recorded using an oscilloscope. By knowing the predetermined drain
voltage, the amplitude of the drain voltage pulse, and the shunt resistance, it
becomes possible to reconstruct the pulsed drain current. For this setup to
function optimally, the drain current should be nearly zero when the gate pulse
is not applied. The resolution of the current in this configuration is constrained
by both the voltage resolution of the oscilloscope and the shunt resistance.
Additionally, the maximum detectable drain current is limited, as a high drain
current would generate a significant drain voltage pulse [87]. Consequently,
the effective gate width of the device under test (DUT) needs to be carefully
chosen—sufficiently large to avoid limitations due to drain current resolution but
small enough to meet the constraints on the amplitude of the drain voltage pulse.
This consideration is particularly pertinent for advanced devices structured with
parallel fingers, resulting in a substantial effective gate width.

Makovejev in [63] and [89], described the process in detail and SH mea-
surements on Body-tied PDSOI MOSFETs are made. By changing the pulse
width from 1 µs (reported to be the highest available pulse width) to 10 ns
(reported to be the lowest available pulse width), the Id-Vd characteristics seen
in Figure 3.8 clearly show the removal of SH. In fact it is observed that with
pulse width of 50 ns, SH is removed totally as reducing the pulse width to 20 ns
and 10 ns do not increase Id further. From the SH-free Id obtained above, there
are two ways by which Rth and device temperature can be obtained, these are
shown below.

Pulsed I–V Hot Chuck
In this method used in [86], the chuck temperature is varied and Id-Vd mea-
surements are made with sufficiently short gate pulses. Using short gate pulses
makes sure that the device is not heated up due to the pulses and the device tem-
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Figure 3.8: Id-Vd obtained from DC and pulsed measurements with the pulse
width from 10 ns to 1 µs at room temperature and Vg = 1.8 V. Inset: high Vd
region. [89].

perature is defined by the temperature of the chuck. The points of intersections
of the DC Id-Vd curve that is affected by SH with the SH-free Id-Vd curves at
different temperatures give information on the device temperature at different
bias conditions (Figure 3.9). From the device temperature at different biases,
Rth can be extracted.

Pulsed I–V k-coefficient
Another way to find device temperature based on SH-free pulsed IV data was
proposed in [88] and used in [90] and [89]. It assumes that self-heating primarily
influences mobility, and the decline in current as temperature rises is a direct
result of reduced mobility. The increase in temperature can be approximated by
Equation 3.3:

∆T = T0

[(
Id0

Id

) 1
k

−1

]
(3.3)

Here, ∆T represents the temperature increase, T0 is the reference tempera-
ture (typically room temperature), Id signifies the drain current at temperature
T0 under self-heating conditions (at DC conditions), Id0 is the drain current
when self-heating is absent (determined through pulsed I-V measurements in
this study), and k is the coefficient associated with the degradation of low-field
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Figure 3.9: Output characteristics at Vg = 1.8 V obtained from the 50-ns pulsed
I–V measurements at various chuck temperatures and from the DC measurement
at room temperature. Inset: a schematic of the device (not to scale). [89].

mobility with temperature. The mobility temperature degradation coefficient k
can be estimated from the variation of low field mobility with temperature in
Equation 3.4.

µeff = µeff0

(
T
T0

)−k

(3.4)

Here, T denotes the temperature, µeff represents the mobility at temperature
T , and µeff0 corresponds to the mobility at temperature T0. In [89], the k-
coefficient is derived by analyzing the mobility across different temperatures.
The mobility is determined by examining the slope of the Id/

√
gm variation

with Vg at various temperatures. From the determined k-coefficient, the device
temperature and thus the Rth can be extracted.

It was shown in [89] that the hot-chuck method is more accurate than
the k-coefficient method as it does not require any assumptions about current
degradation mechanisms.

Shortcomings of the Pulsed IV Technique

With technical constraints restricting the minimum pulse width to a few tens of
nanoseconds (or a few megahertz when translated into the frequency domain),
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the pulsed IV methods were deemed to be unlikely to be adequate for cutting-
edge devices, where the thermal time constant (τth) diminishes with scaling
[89]. This is the principal limitation of using the pulsed IV technique for
SH estimation in advanced nodes which would require even thinner pulses
compared to those commercially available. Moreover, the pulsed I–V method
is constrained to devices with a certain extent of gate widths due to limitations
in current resolution and the Vd pulse limit. This restriction is particularly
crucial for devices with multiple fingers, where the total gate width can be
substantial. Additionally, the pulsed I–V technique imposes constraints on the
device off-current, influenced by short-channel effects in advanced MOSFETs.
With these shortcomings, the RF technique was recommended over pulsed IV
for state-of-the-art devices in [89].
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3.5.2 Gate Resistance Technique

The gate resistance technique or gate thermometry is the method that uses
the temperature-dependent gate resistance to estimate the device temperature.
While a simple 2-terminal method could help in estimating gate resistance, a 4-
terminal sensing technique is generally used to enhance the extraction accuracy.
The electrical principle of this technique dates back to the Kelvin bridge in 1861
invented by Lord Kelvin for the precise measurement of low resistances.

The 4-terminal technique utilizes separate pairs of current-carrying and
voltage-sensing nodes to make accurate resistance measurements compared
with the simpler 2-terminal (2T) sensing technique. By sourcing a current
through the resistance to be estimated using the current-carrying electrodes (2
and 4 in Figure 3.10), the voltage drop across the voltage sensing electrodes (1
and 3 in Figure 3.10) is measured and the resistance is calculated as the ratio of
this voltage drop and the sourcing current. Separating the current and voltage
electrodes helps in eliminating additional access and contact resistance from
measurements that can arise from 2-terminal measurements. Additionally, the
voltage-sensing electrodes are kept inner in order to further reduce the impact
of resistance in the measurement.

Figure 3.10: 4-Terminal sensing electrical circuit diagram.

The schematic for the 4T method for estimating MOSFET SH is shown
below. Apart from the standard gate and drain biasing, additional contacts are
made on the gate to have the current forcing and voltage sensing electrodes.
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Figure 3.11: 4T Method circuit schematic applied on a MOSFET.

A detailed discussion on this technique shall be made in Subsection 3.8.2.

3.5.3 AC Conductance Technique
Proposed by Tu in 1995 [91], the AC conductance technique is based on
the idea that at due to finite thermal capacitance of the device, the device
temperature cannot follow the voltage oscillations at high frequencies [24]. As
a result, at a specific frequency, the dynamic self-heating effect is effectively
eliminated. To derive parameters related to self-heating, such as temperature
rise or thermal resistance, the output conductance gd is measured at both high
and low frequencies. The difference in conductance serves as the basis for
extracting self-heating parameters. An impedance analyzer is employed to
measure the output conductance at different frequencies.

The AC conductance technique offers simplicity in both setup and measure-
ments, as the variation of output conductance with frequency can be directly
assessed using an impedance analyzer. However, limitations of the measure-
ment setup make this method operate upto 5 MHz [91]. This could be a
serious problem for characterizing SH in advanced devices with smaller time
constants that require reaching higher frequencies for SH-free characteristics.
It is mainly because of this reason that the RF technique, which can go upto
much higher frequencies, has been deployed for SH characterization over the
AC conductance technique for state-of-the-art MOSFETs.
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3.5.4 RF Technique
The RF technique extends the AC conductance technique by allowing operation
at higher frequencies and allowing more precise extraction of Rth and Cth for
state-of-the-art devices. With the thermal time constants of advanced devices
reducing, reaching higher frequencies are essential in order to have SH-free
characteristics and while measurement setup limitation of the AC conductance
technique is limited to MHz range, the RF technique can go up to tens of GHz
based on the S-parameter measurement possibilities used.

In this technique, S-parameter measurements are made on the devices up to
high frequencies. From two-port measurements (with Gate as Port 1 and Drain
as Port 2), the S-parameters are converted to Y-parameters. The Y parameters
can be obtained from the S parameters with the formulae provided below:

Y11 =
(1−S11)(1+S22)+S12S21

(1+S11)(1+S22)−S12S21
Y0 (3.5)

Y12 =
−2S12

(1+S11)(1+S22)−S12S21
Y0 (3.6)

Y21 =
−2S21

(1+S11)(1+S22)−S12S21
Y0 (3.7)

Y22 =
(1+S11)(1−S22)+S12S21

(1+S11)(1+S22)−S12S21
Y0 (3.8)

Where Y0 is the characteristic admittance (reciprocal of the characteristic
impedance).

Dedicated open de-embedding structures were then used for de-embedding.
The Y parameters of the open structures are subtracted from the measured Y
parameters of the device to take away the parasitics coming from the pads and
access lines. The de-embedding process in general has been described earlier
in Chapter 2 and can be found in detail in [47].

Specifically of interest, for a MOSFET, the Y21 and Y22 parameters are:

Y21 = gm − jωCdg (3.9)



82 3. Self-Heating Characterization Techniques

Y22 = gd + jωCdd (3.10)

where gm is the transconductance, gd is the output conductance, Cdg is the
drain-to-gate capacitance, Cdd is the total drain capacitance, and ω is the angular
frequency.

Rinaldi in [92] found through rigorous mathematical computations a relation
between the thermal impedance ZTh and Y parameters for a two-port network.

Yi j = Yi jT +Zth
∂ Ii

∂Tamb
(VgY1 jT +VdY2 jT + I j) (3.11)

where Yi j is the admittance parameter, Yi jT is the Yi j parameter at a high
enough frequency where the dynamic self-heating effect is removed, Tamb is the
ambient temperature and Zth is the thermal impedance.

Regarding the dId/dTamb term, Rinaldi’s work proposes the estimation of
the temperature variation of drain current with respect to the ambient tempera-
ture as a more elegant approach. The same method is also employed by Scholten
in [93] where the derivative of drain current with the ambient temperature and
not the lattice temperature is considered. As the device temperature cannot
be directly measured, it is reported there that some studies [24] use analytical
models for this purpose which would depend on the precision of the thermal
resistance extraction model. Alternatively, an iteration method to compute
dId/dT at a predicted channel temperature could be made as in [94]. In our
work, it is noted that the Id dependence with temperature is approximately linear
at high temperatures and thus the variation of slope at ambient temperature and
higher temperatures is negligible.

In general, there is a transition in the Y parameters due to SH. While
both Y21 and Y22 show this transition, the transition in Y22 with frequency is
more pronounced, hence that is the one mainly used to extract the thermal
parameters. Considering the real part of the Y -parameter equation above, the
thermal resistance Rth can be obtained by:

Re(Yi j) = gi j = gi jT +Rth
∂ li

∂Tamb
(Vgg1 jT +Vdg2 jT + I j) (3.12)

Of the Equation 3.12, considering the transition in Y22 due to the reasons
given above provide a relation between Rth and the output conductance gd as
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given below. This is quite in line with the equation obtained from the AC
conductance technique.

g22 = g22T +Rth
∂ Id

∂Tamb
(Vdg22T + Id) (3.13)

The computation can be made from the imaginary part of the Y parameter
as well:

Im(Yi j) = Im(Yi jT )+ Im(Zth)
∂ Ii

∂Tamb
(Vgg1 jT +Vdg2 jT + I j) (3.14)

Ci j =Ci jT +
Im(Zth)

ω

∂ Id

∂Tamb
(Vgg1 jT +Vdg2 jT + I j) (3.15)

The variation in the Y22 parameter corresponds to a variation in Cdd from
the above equation. Cdd is seen to vary by a few orders of magnitude with
frequency, and from this information, Cth can be computed.

Cth =
1

ω · Im(Zth)
(3.16)

The aforementioned transition in Y parameters is manifested as a transition
in conductances and capacitances. The output conductance gd is computed as
the real part of output admittance Ydd , transconductance gm is the real part of
transadmittance Ydg. The gd versus frequency curve and the drain capacitance
Cdd versus frequency curve show a transition due to SH (coming from the
transition in Ydd), which allows to assess SH-related features (e.g. Rth and Cth).
Rth and capacitance Cth are then extracted using Equations 3.17 and 3.18 given
below.

Rth =
∆gd

(Id +Vdgd,LF)
∂ Id
∂T

(3.17)

Cth =
∆Cdd

R2
th(Id +Vdgd,LF)

∂ Id
∂T

(3.18)
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Where ∆gd (∆Cdd) is the difference between gd,LF (Cdd,LF ) and gd,HF
(Cdd,HF ), the output conductance gd (capacitance Cdd) at low and high frequen-
cies, respectively. Id is the DC drain current, gd,LF is the output conductance
gd at low frequency, and ∂ Id/∂T is the slope of the Id versus temperature plot
extracted from Id −Vg curves measured over a temperature range, taken at
ambient temperature Tamb.

In [89], the transition of gd and Cdd in frequency was demonstrated in
PDSOI MOSFETs as seen in Figure 3.12 and Figure 3.13 respectively.

Figure 3.12: Variation in gd with frequency reported in [89].

Figure 3.13: Variation in Cdd with frequency reported in [89].
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Isothermal Frequency
The isothermal frequency is the frequency above which the impact of dynamic
self-heating is removed completely; this can be visualized from a plateau in the
output conductance gd or drain capacitance Cdd seen in Figure 3.12 and Figure
3.13 respectively. The transition of gd or Cdd from low to high frequencies helps
in estimating the thermal resistance and thermal capacitance. The same has
also been seen from measured data in [47]. Note that the transition can also be
affected by other factors apart from SH like substrate effect or gate resistance
effect due to which a clear plateau might not be seen, more is discussed on this
aspect later.

Characteristic Thermal Frequency
The characteristic thermal frequency is not to be confused with the isothermal
frequency. It is related to the thermal time constant and is lesser than the
isothermal frequency at which SH-free conditions are attained.

An empirical way of estimating the characteristic thermal frequency pro-
posed by Jin in [95] is the frequency at which the following Equation 3.19 is
respected:

gd = gd,LF +
∆gd

3
(3.19)

where gd is the frequency-dependent output conductance, gd,LF is the output
conductance at low frequency, and ∆gd is the transition in gd from low to high
frequency due to removal of dynamic SH.

While the background of this empirical method was not discussed, it is
argued that this is done in line with the thermal time constant of an RC circuit
where the time taken to discharge to 37% of the total charge is defined as the
time constant. In this case, the assumption of one-third of the transition would
correspond to a 33% discharging of the RC circuit equivalent which is not far
from the defined value.

Extraction of the characteristic thermal frequency enables estimating the
thermal time constant from which thermal capacitance can be obtained.

Fitting model
To have an accurate estimation of SH parameters, measurements of the Y
parameters are tried to fit with an RC network of different orders. An example
of a fourth-order RC network for fitting is seen in Figure 3.14.
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Figure 3.14: Fourth order thermal network for the fitting model used in [48].

It is noted by Nyssens [48] that while PDK models use a first-order RC
network for fitting, it is not adequate as the transition is not well fit. At least
a third or fourth-order network is needed for accurate fitting and thereby SH
parameter extraction. The above is also verified in this work where a first or
second-order network is inadequate for fitting properly, a fourth-order network
is seen to be best in Figure 3.15. A major takeaway from this point is that the
transition is not modelled well enough in the PDK, given that the measurements
require a fourth-order network for the fitting.

Figure 3.15: Thermal network fitting for gd based on order of network in this
work. A fourth-order network is seen as necessary to fit measurements.
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3.5.5 Other Mechanisms Affecting RF Transition

In order to study the SH parameters from a transition in gd versus frequency, it
is of prime importance to make sure that the transition itself is solely caused
due to SH and not other effects. In practice, there can be various reasons due
to which the gd versus frequency transition is not caused solely by SH, some
other mechanisms causing the same are studied below.

Substrate Effect

Substrate-related coupling below the BOX could considerably affect the gd
curve versus frequency resulting in another transition. While both the SH and
substrate effects affect the gd curve, the issue is trickier because of the frequency
range over which they come into play. Theoretically, the time constants of these
effects are dependent heavily on various factors like device design, geometries,
and technological parameters, in advanced FDSOI MOSFETs, SH transition
shows up from the kHz to GHz range whereas the substrate effect comes into
play around the MHz to GHz range thereby causing an overlapping frequency
range where they both affect the output characteristics. It is therefore necessary
to decouple other effects in order to have accurate SH extraction.

It was shown previously in [96] that for thin BOX FDSOI devices, while
thinning the BOX gave reduced thermal resistance, it however gave rise to
greater source to drain coupling below the BOX that was confirmed through
experimental studies in [96]. Studies by Makovejev in [97] showed that the
extent of substrate effect on the gd transition at high frequencies can be even
more dominant than SH. Subsequently, it was found that using a heavily doped
ground plane (GP), a Silicon layer underneath the BOX, helps in suppressing
the substrate-related transition.

In more recent studies by Nyssens [98], it was deemed that ignoring the
substrate-related transition just because it is supposedly suppressed enough
with the ground plane is not accurate and could lead to misinterpretation of SH.
A process of decoupling the substrate effect from the SH was demonstrated
in this work by using the ZTC bias point where dynamic SH vanishes and
using that bias condition to extract SH-free device characteristics. Figure 3.16
below from the work shows the variation of gd versus frequency for different
biases including the ZTC bias point of Vg = 0.62 V in that work. Although no
SH-related transition was expected at that point, the fact that a transition is seen
shows that that is the one due to the substrate effect. This can also be visualized
by the plots at values of Vg lower than ZTC where the gd versus frequency curve



88 3. Self-Heating Characterization Techniques

was supposed to be pushed down due to SH but starts rising at around 100 MHz
range with the onset of SE.

Figure 3.16: Variation of gd and Cdd with frequency below and above ZTC
[98].

Floating Body Effect

Although the floating body effect (FBE) is specifically a phenomenon present
in floating body PDSOI MOSFETs and does not pertain directly to our work
on FDSOI devices here, it is important to note the transitions in gd versus
frequency due to such effects in floating body PDSOI MOSFETs.

Jin showed in [95] the difference in the gd versus frequency response for
FDSOI and floating body PDSOI devices, and the sample curve in Figure 3.17
below clearly shows that FBE also comes into play in a similar frequency range
as SH and needs to be decoupled, just like substrate effect. Additionally, it
needs to be taken into account that FBE has a bias-dependent nature with Vd
too, unlike SH, as reported in [95].

Gate Resistance Effect

Another factor that causes a transition in the gd curve is gate resistance. How-
ever, as this transition appears at relatively higher frequencies compared to that
of SH, it does not directly affect the SH extraction problem to a great extent.
An example of all the 3 effects and their impact on the gd versus frequency
curve is shown in Figure 3.18 from [99]. The transition due to gate resistance
reduction in that work was observed to come into play at around 10 GHz.
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Figure 3.17: Impact of floating body effect on gd vs frequency [95].

Figure 3.18: Impact of gate resistance on gd vs frequency [99].

In addition to these factors, specific parameters that can affect the Rth extrac-
tion using the RF technique are discussed next. The extraction of the derivative
of the drain current with temperature, dId/dT , is crucial in determining Rth;
finer aspects of its extraction process are discussed in Subsection 3.5.6 . In Sec-
tion 3.6 it is seen from corner simulations in the PDK that die-to-die variability
can also give rise to variations in the thermal resistance extracted. The ambi-
ent temperature is another factor that affects thermal resistance, this has been
studied in Section 3.7. A detailed study of these parameters gives us deeper
insights into the extraction of thermal parameters using the RF technique.



90 3. Self-Heating Characterization Techniques

3.5.6 Drain Current vs Temperature

For the extraction of thermal parameters using the RF technique, another impor-
tant parameter is the slope of drain current Id with temperature, dId/dT . The
extraction of this slope can be tricky at times, and this might in turn impact
the extracted thermal resistance. This subsection dedicates itself specifically to
studying this parameter; results obtained in literature are compared with our
measurements and PDK model.

Literature

Previous studies utilising the RF technique for SH characterization used the
slope of a linear Id versus temperature fit as dId/dT . This is verified from hot
chuck measurement results by Jin in [95] for both PDSOI and FDSOI MOSFETs
as seen in Figure 3.19. The trends are backed by recent studies by Gonzalez
[100] on 180 nm multifinger SOI MOSFETs on XT018 technology from XFAB
where a linear fit is seen over a temperature range of 30 to 160 °C in Figure
3.20. A linear Id versus temperature fit was also seen from characterization
results for SOI FinFETs from Makovejev [101] where the slope was estimated
over a temperature range of 25 to 65 °C.

Figure 3.19: Drain current vs temperature for PDSOI and FDSOI MOSFETs
using hot chuck measurements at Vg =Vd = 2.5V in [95].
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Figure 3.20: Drain current vs temperature using hot chuck measurements for
multifinger MOSFETs with N f = 30 and Wf = 2 µm at Vg = 2V and Vd = 1.8V
in [100].

Measurements

A linear fit is observed in all the instances of Id versus temperature in this
work for SH estimation using the RF technique. To study this trend with better
accuracy, a specific measurement set with multiple temperature points over
a temperature range of 25 to 125 °C with steps of 12.5 °C was carried out.
The characterized data shown below is for 20 nm FDSOI nMOSFETs (on the
22FDX® technology from GlobalFoundries). The device dimensions are as
follows: gate length is 20 nm, total width is 30 µm for each of these devices
composed of 60 fingers of 0.5 µm finger width. The back-gate MOSFET was
grounded for all the experiments (Vbg = 0 V).

For the drain current Id versus temperature plot, an overall linear trend is
observed on all three dies measured and the averaged Id results over the three
dies as seen in Figure 3.21 below.

Variability of dId/dT in Measurements
It can be seen from Figure 3.21 that the dId/dT can vary based on point-to-
point slopes. While the best linear fit over the measured points results in a
particular dId/dT value, the variation in dId/dT with respect to this value if
other point-to-point slopes are considered can help in understanding the impact
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Figure 3.21: Drain Current Id vs temperature on three dies and their averaged
value at Vg =Vd = 0.8V.

of the accuracy of the resulting thermal resistance extraction.
To do so, we compare the variation of extracted Rth based on the computed

dId/dT for the Die3 case shown here. In Figure 3.21, the measured points and
the linear regression for the fitting over all the temperature points are shown. In
Table 3.2, the slope of Id versus temperature as a two-point slope with respect to
the 25 °C point is first estimated based on the measurements at the temperature
points, to get an idea of the extent of variation in dId/dT . The corresponding Rth
for these different dId/dT values extracted by the RF technique (in Subsection
3.5.4) using Equation 3.17 are shown. It is seen that excluding a couple of
outliers at 37.5 and 62.5 °C, the variation of Rth remains between a range of
190 to 206 Kµm/mW compared to the computed value of 194 Kµm/mW from
the regression with all points. A variation of around 6% with respect to the
computed value from linear fit is thus seen thereby highlighting the variation
coming from dId/dT extraction point of view. Additionally, the importance
of having a good linear fit over temperature points is demonstrated; in all our
studies (and the references [95], [100] and [101]) at least 5 temperature points
were taken.
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Table 3.2: dId/dT computed by taking a two-point slope between 25 °C and
other temperature points and its impact on extracted Rth.

Temperature (°C) dId/dT (µA/◦C) Rth (Kµm/mW)
25 NA NA

37.5 -21.7 88
50 -9.48 202

62.5 -11.77 163
75 -9.33 206

87.5 -9.96 193
100 -9.77 196

112.5 -10.11 190
125 -9.69 198

Regression -9.09 194

PDK

To compare the measurement results obtained, the corresponding device is
studied in the PDK. In the PDK model, the Id vs temperature trend is not linear.
There are two PDK models for 22FDX® technology, EXT and PLUS and this
nonlinear trend is seen in both PDKs, which is reflected in a stark variation of
dId/dT with temperature, unlike a relatively steady value obtained from the
linear trend in measurements. The difference between the two PDKs is in the
way the self-heating effect is modelled; a detailed study on that has been made
in Subsection 3.8.4.

EXT PDK and PLUS PDK Comparisons
For both EXT and PLUS PDKs, Id and dId/dT versus temperature plots at
Vg = Vd = 0.8 V are shown in Figure 3.22. For the EXT PDK, the slope
dId/dT varies from -13.9 µA/◦C to -11.4 µA/◦C between 25 ◦C and 125 ◦C.
In contrast, for the PLUS PDK, dId/dT ranges from -13.2 µA/◦C to -10.3
µA/◦C over the same temperature range. Unlike the linear dId/dT trend over
temperature in measurements, the variation in dId/dT over temperature in the
PDK makes it important to select the suitable value at ambient temperature for
Rth computation as per Equation 3.17.

The impact on Rth, extracted by the RF technique (refer to Subsection
3.5.4) using Equation 3.17, is investigated for both PDKs. For the EXT PDK,
the variation in Rth ranges from 138 to 168 Kµm/mW based on selection of
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Figure 3.22: Drain current Id vs temperature in EXT and PLUS PDK at
Vg = Vd = 0.8V. A nonlinear Id vs temperature trend is seen in both cases
which results in a variation in dId/dT over temperature.

dId/dT at 25 ◦C or 125 ◦C while for the PLUS PDK the corresponding Rth
variation is from 186 to 239 Kµm/mW. This comparative analysis highlights
the variation and impact of temperature on Rth across the two PDKs.

It is therefore observed from the PDK that:

1. The dId/dT reduces in magnitude with temperature increase, based on
the nonlinear Id versus temperature trend.

2. The extracted Rth varies based on the temperature variation of dId/dT ,
which is an important consideration if the Id versus temperature plot is
not linear, unlike most trends assumed in measurements.

Fitting with Nonlinear Power Law Equation

It is seen from the PDK that the Id versus temperature plot in the PDK is
nonlinear. The Id trend obtained in the PDK is tried to be fit by a nonlinear
power law function. In Equation 3.20 (similar to mobility degradation in
Equation 2.13), the relation for Id at different temperatures is shown with T0
being room temperature and Id0 being the Id at room temperature and f is the
power law fitting coefficient.



3.5 Self-Heating Characterization Techniques 95

Id(T ) = Id0

(
T
T0

)− f

(3.20)

In Figures 3.23, it is seen that a good fit with the both the EXT and PLUS
PDK models is obtained with f = 0.2.

Figure 3.23: Drain current Id vs temperature in EXT and PLUS PDK and
corresponding power law fitting coefficient f values at Vg =Vd = 0.8V. A good
fit on both PDKs is seen with a fitting coefficient of 0.2.

For the nonlinear fit with f = 0.2 obtained above, we implement the same in
our measurements to compare the two trends. In Figure 3.24, it is seen that f =
0.15 gives a slightly better fit with the averaged Id vs temperature measurements
shown previously in Figure 3.21. It is to be noted that with such a fit with
f = 0.15, the dId/dT varies from -11.34 to -8.13 µA/◦C over a temperature
range of 25 to 125 °C as also seen in Figure 3.24. Using these slopes in the
extractions would result in an Rth ranging from 169.1 to 235.9 µA/◦C. This
highlights that taking dId/dT at a higher temperature with such a nonlinear fit
results in an overestimatedRth, similar to the trends observed in the PDK.
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Figure 3.24: Variation of drain current Id and its slope dId/dT with temperature
in measurements and corresponding fitting with power law fitting coefficient f
= 0.15 at Vg =Vd = 0.8V.

Takeaways: Id versus Temperature
It is thus observed that the drain current versus temperature characteristic is an
important aspect of Rth extraction. While characterization results in literature
consider a linear trend, a nonlinear relation is seen in the PDK models. On
a closer look by performing measurements with multiple temperature points,
we observe that obtaining such a nonlinear trend is very difficult to establish
precisely, but on positioning our measured data with a power law fitting it
seems to be possible; this demonstrates that fine margins exist in the Id versus
temperature fitting. It is seen that there is a variation in dId/dT over temperature
with the nonlinear fit, the impact of this variation is reflected in the extracted Rth.
Estimating the dId/dT at higher temperatures results in a higher Rth, therefore
showing the importance of estimating it at the desired ambient temperature.
The error bars on Rth extraction due to dId/dT are studied; for linear regression
used to calculate this slope, an adequate number of temperature points are
recommended for measurement accuracy.
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3.6 Impact of Variability on Self-heating Extraction: Corner Sim-
ulations in PDK
In order to see the impact of die-to-die variability on the extraction of thermal
parameters in the PDK, simulations on slow-slow (SS), typical-typical (TT) and
fast-fast (FF) corners are performed. These corners refer to variations in the
manufacturing process that affect the electrical characteristics of the devices.
While TT represents the standard case, SS and FF are the two extreme corners,
thereby giving us an idea of the impact of variability on the device performance.
The study is made on both the EXT and PLUS PDKs on the same device in this
chapter (the gate length is 20 nm, and the total width is 30 µm for each device
composed of 60 fingers, each finger having a width of 0.5 µm) and the results
are shown below.

3.6.1 EXT and PLUS PDK Results
From DC measurements, the variation in IV curves for the different corner
cases is observed. Id-Vg and gm-Vg curves in saturation for TT, SS, and FF
corner cases for Vg =Vd = 0.8V are shown in Figure 3.25. A shift in threshold
voltage is apparent for the different corners. From Figure 3.26, using the second
derivative method in the linear regime (Vd = 50mV), the shift in the peak of
dgm/dVg demonstrates this Vth shift. It is observed that the Vth for the FF, TT,
and SS dies vary as 0.25, 0.27, and 0.29 V respectively.

The thermal resistance estimation is made next at the same overdrive voltage
Vov for the three corner cases. For Vd = 0.8V, extractions are made at Vg of
0.78, 0.8, and 0.82 V for FF, TT, and SS corners respectively, resulting in Vov
of 0.53 V for all cases. The gd versus frequency and Id versus temperature
plots are shown in Figure 3.27 and Figure 3.28 respectively. The variation of
dId/dT with temperature is also seen in Figure 3.29.

In Table 3.3, the variation of Rth as a result of process variability is shown
by comparing the results on the three corners. It is seen that the FF and SS
corners show an Rth increase of 8.55% and a decrease of 6.83% with respect to
the TT corner, respectively for the EXT PDK. For the PLUS PDK, the FF and
SS corners show an Rth increase of 9.57% and a decrease of 7.38% with respect
to the TT corner, respectively.

It is seen that the Rth extraction can be impacted by process variability.
Around 7-9% Rth variation with respect to the typical corner case is observed in
both EXT and PLUS PDKs.



98 3. Self-Heating Characterization Techniques

Figure 3.25: Drain current Id and transconductance gm vs gate voltage Vg for
the different corners in EXT and PLUS PDK in saturation at Vd = 0.8V.

Table 3.3: Comparison of Thermal Resistance Values Across Different Corners
for EXT and PLUS PDKs at the Same Overdrive Voltage

EXT PDK PLUS PDK
Corner TT FF SS TT FF SS

Rth (Kµm/mW) 137 149 128 186 204 172
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Figure 3.26: Variation of dgm/dVg vs gate voltage Vg for the different corners
in EXT and PLUS PDK in linear at Vd = 50mV.

Figure 3.27: Output conductance gd vs frequency for different corners in EXT
and PLUS PDK at Vov = 0.53V and Vd = 0.8V.



100 3. Self-Heating Characterization Techniques

Figure 3.28: Drain current Id vs temperature in EXT PDK at Vov = 0.53V and
Vd = 0.8V.

Figure 3.29: Slope of drain current with temperature dId/dT in EXT and PLUS
PDK at Vov = 0.53V and Vd = 0.8V.
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3.7 Thermal Resistance Variation with Temperature

The variation of thermal resistance with ambient temperature is studied in
this section. This is particularly important in applications where the device
is not working at room temperature, which happens in harsh environments as
discussed in Chapter 2 earlier. Jomaah investigated the impact of temperature
on SH from room temperature down to cryogenic liquid Helium temperatures
in [102]. A reduction in thermal resistance with temperature was seen; the
variation was especially stronger at low temperatures. These trends are backed
by a more recent study in 2022 by Ghibaudo [103]. The underlying idea of
the variation of material thermal conductivities causing this Rth variation is
discussed in Subsection 3.3.2. It was shown by Triantopoulos in [78] that
the thermal conductivity of the BOX mainly dictates the thermal resistance in
FDSOI transistors.

In this section, an analysis of the high-temperature impact on device thermal
resistance is made through measured data and compared with the PDK model
results.

3.7.1 Device Details

The device measured in this study is an NFET in the common source con-
figuration (with source grounded) which originates from the 22 nm FD-SOI
technology from GlobalFoundries [21]. The gate length is 20 nm, total width is
30 µm for each of these devices composed of 60 fingers of 0.5 µm finger width.
The back-gate MOSFET was grounded for all the experiments (Vbg = 0 V).

3.7.2 Measurement Results

The devices were measured using the RF technique for SH characterization
at different temperatures. The output conductance gd versus frequency plot at
different temperatures under bias condition Vg = Vd = 0.8V is shown below
in Figure 3.30. An increase in gd with temperature is observed for this bias
condition on all the three dies that were measured.

For the drain current Id versus temperature plot, an overall linear trend
is observed on all three dies and the averaged results measured as seen in
Figure 3.21. Note that these results are the same which have been discussed in
Subsection 3.5.6 previously. The measurements were made for a temperature
range of 25 to 125 ◦C with 12.5 ◦C steps to have a finer resolution on the Id
versus temperature response.
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Figure 3.30: Output conductance gd vs frequency for different temperatures at
Vg =Vd = 0.8V.

For the computation of Rth from the gd vs frequency and Id vs temperature
information, Table 3.4 below summarizes the results taken at Vg =Vd = 0.8V:

Table 3.4: Thermal Resistance Extraction at Different Temperatures.

Temperature gd,LF gd,HF ∆gd
∂ Id
∂T Id Rth

(◦C) (mS) (mS) (mS) (µAK−1) (mA) (Kµm/mW)

25 2.92 4.91 1.53 9.84 22.05 190.9
50 2.99 4.96 1.50 9.84 21.81 189.1
75 3.08 4.99 1.46 9.84 21.55 185.5
100 3.17 5.05 1.42 9.84 21.29 182.0
125 3.27 5.12 1.40 9.84 21.09 180.3

The variation of computed Rth over temperature for the three dies is shown
in Table 3.5. The reduction in Rth with temperature trend is established on all
the three dies but limited to 6% on temperature increase from 25 to 125 ◦C.

The percentage Rth reduction is 6.8%, 5.55%, and 6.04% over Dies 1, 2,
and 3 respectively, and 6.11% on average. We shall now look at the results from
the PDK model.
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Table 3.5: Thermal Resistance across 3 dies at Different Temperatures.

Temperature Rth Die1 Rth Die2 Rth Die3 Rth Average
(◦C) (Kµm/mW) (Kµm/mW) (Kµm/mW) (Kµm/mW)

25 194.1 190.9 193.7 192.9
50 191.0 189.1 190.9 190.3
75 188.8 185.5 189.0 187.8
100 183.7 182.0 184.9 183.5
125 180.9 180.3 182.0 181.1

3.7.3 PDK Results
Having established the measured results, we take a look at the results obtained
for the same device from the PDK model simulations on both the EXT and
PLUS PDK models for 22FDX R⃝.

EXT and PLUS PDK
In Figure 3.31 the output conductance versus frequency plot at Vg = Vd = 0.8 V
in the EXT and PLUS PDK also shows a rising gd,LF with temperature, although
the gd,HF is seen to be mostly steady. The corresponding Id and dId/dT vs
temperature plot has been shown in Figure 3.22, the same as the drain current
versus temperature study.

Based on dId/dT at the corresponding temperature points, Rth at different
temperatures is calculated from 25 to 125 ◦C using the RF technique (refer to
Equation 3.17) as shown in Figure 3.32. A reduction of 5.9% and 7.6% in
Rth is observed on moving from 25 to 125 ◦C for the EXT and PLUS PDK
respectively.
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Figure 3.31: Output conductance gd vs frequency for different temperatures in
EXT and PLUS PDK at Vg =Vd = 0.8V.

Figure 3.32: Thermal resistance Rth variation with temperature in EXT and
PLUS PDK at Vg =Vd = 0.8V.
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3.7.4 Summary
A reduction of thermal resistance with increasing temperature is observed in
measurements; around 6% Rth reduction is seen on increasing temperature from
25 to 125 °C. The trends are verified with the results from PDK simulations. In
the EXT and PLUS PDK, the corresponding Rth reduction is 5.9% and 7.6%
respectively. While the extent of Rth reduction depends on the dId/dT used for
extraction, the reducing trends are established in all cases. This is in agreement
with studies in literature which demonstrate that the variation of the thermal
conductivity of the SiO2 BOX with temperature causes this trend.



106 3. Self-Heating Characterization Techniques

3.8 Gate resistance vs RF technique: A comparative study

Having discussed an overview of the various SH characterization techniques,
we shall put our focus on two main ones used by the industry and academics to
model the self-heating characteristics of the most advanced MOSFETs, namely
the Gate Resistance and the RF technique. In this work, these two characteri-
zation methods are applied and compared on the same devices. The strengths
and weaknesses of each are discussed and possible reasons for differences of
extracted thermal resistance and channel temperature are analyzed.

3.8.1 Device under Test

Figure 3.33: Overview of the device layout with the two measurement RF and
four DC pads.

The device measured in this study is an NFET in the common source
configuration (with source grounded) which originates from the 22 nm FD-SOI
technology from GlobalFoundries [21]. The gate length is 20 nm, total width is
30 µm for each of these devices composed of 60 fingers of 0.5 µm finger width.
The back-gate MOSFET was grounded for all the experiments (Vbg = 0 V). In
order to measure the device using the gate resistance technique, special test
structures were designed and a 4-terminal (4T) gate access design was made
as seen in the design layout in Figure 3.33. In addition to the ground-signal-
ground (GSG) pads for the RF measurements on gate (left) and drain (right),
4 DC pads on top are used for the additional accesses on the gate for the 4T
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method and the back-gate (BG).

3.8.2 Gate Resistance Technique
Methodology

The DC gate resistance technique is one of the primary ways of estimating
thermal resistance Rth and temperature rise ∆T based on the temperature de-
pendence of the transistor gate resistance. Being first proposed in the 1990s
[65] [104], it has stayed in practice due to its simple measurement process
[105] [79], which requires neither very complex test devices nor specific test
equipment. The layout of our device is made as follows: there are four contacts
to the gate, two on each side of the gate finger network as shown in Figure
3.34. The resistance of the metallic interconnects from the 4 gate contacts to
the corresponding pads is represented as RMetal. The contacts closest to the
core gate resistance RGate, (namely Gate1 and Gate3 here) are used for voltage
sensing whereas the outer two (Gate2 and Gate4 here) are used for forcing the
current as illustrated in the schematic representation in Figure 3.35. In the
4-terminal method, the current and voltage electrodes are separated; this implies
that the sourcing current flows only through the sourcing path and no current
flows through the voltage sensing path. Therefore, there is no voltage drop
across the resistances in the voltage sensing paths (namely RMetal1 and RMetal3)
and thus the voltage drop measured across the voltage sensing pads (Gate1 and
Gate3) is equal to that actually across the RGate. This allows accurate extraction
of the gate resistance.

Figure 3.34: Layout the gate fingers of the core FET and the 4T gate accesses.
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Figure 3.35: Schematic of 4-terminal gate resistance technique.

Figure 3.36: Schematic of 2-terminal gate resistance technique.

On the other hand, if a 2-terminal technique were used for this computation
as shown in Figure 3.36, the metallic resistances would need to be extracted
accurately and removed to precisely obtain the actual gate resistance RGate. It
is essential to try to extract RGate as accurately as possible as the TCR of the
gate material is different from that of the metals used for the accesses. The
forced current Isrc would flow through access resistances (RMetal1 and RMetal3 in
this example), and the voltage sensed (across Gate1 and Gate3) would not be
equal to that across RGate. To do so, de-embedding structures would be required.
Furthermore, it is observed that measuring the resistance using this technique
is also dependent on the probe contact to a certain extent and thus accuracy of
this extraction method is also not as good as the 4T method. All these reasons
mentioned above highlight the importance of using the 4-terminal technique
for gate resistance measurement compared to the simpler 2-terminal method
from a measurement accuracy point of view. In cases where the usage of the
2T resistance method is unavoidable, for example, to prevent cooling from
gate contacts [106], one needs to be aware of these necessary challenges and
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address them well for the sake of measurement accuracy. Alternatively, one
disadvantage of the 4T technique would be the cooling which could happen
through the gate contacts, this has been studied later in Section 3.10.

Experimental Results
In addition to the standard biases on the gate and the drain using a B2902A,
additional Keithley 2400 SMUs were used to compute the DC gate resistance.
As the first step, the device was kept off (Vd =Vg = 0 V) and the gate resistance
was measured at different chuck temperatures varied from 25 to 125 °C. This
allowed for obtaining the temperature dependence of the gate resistance (or one
can say perform a calibration). The system was kept to steady for around 30
minutes at each new temperature point to ensure temperature stability. Then,
in the second step, the device is measured at room temperature at various bias
conditions and the gate resistance featured by the device at these conditions is
extracted. The value obtained in the second step is correlated to the temperature
in the first step giving the device temperature. Rth refers to the resistance to
heat flow and is linked to the temperature rise ∆T and power P as:

∆T = Rth ·P (3.21)

P = Id ·Vd (3.22)

Choosing a suitable forcing current Isrc is an important aspect of the measure-
ment procedure. The drop in voltage Vsense across RGate is directly proportional
to Isrc following Ohm’s law; therefore the higher the Isrc, the more perceivable
the drop and more accurate estimation of RGate as at very low values of Isrc this
drop might not be estimated accurately. However, if Isrc is too high, (i) it itself
generates heat in the RGate, (ii) a high voltage drop across the gate would mean
an uneven biasing of the gate fingers. Both of the above are undesirable as the
objective of the forcing current Isrc is just to have a way of measuring RGate
while affecting the working of the MOSFET or the thermal environment to the
least possible extent. A tradeoff is therefore seen and the choice of an optimal
value of Isrc. From Table 3.6, we observe that having a sourcing current of 100 -
200 µA gives a good range for voltage sensing with a voltage drop of around 5
– 10 mV. For values of Isrc lesser than or equal to 1 µA, the voltage difference
sensed is too small to be accurately perceived by the measuring instrument.
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Table 3.6: Variation of Sensing Voltage with Forcing Current for Vg =Vd = 0V.

Isrc(µA) Vsense(mV)

1 Too small to be sensed by instrument
10 0.5
50 2.5
100 4.99
200 10.2
500 25.5

Figure 3.37 shows the gate resistance versus temperature when the device
is off. Using the information obtained from the above, we obtain the gate resis-
tance versus temperature characteristic, allowing us to estimate the temperature
coefficient of resistance (TCR) using a linear regression over all the temperature
points. Measured results for three different dies are shown here. The TCR is
observed to be roughly 0.07 Ω/°C for all the dies. The information of the TCR
and the resistance at room temperature then enables us to estimate the device
temperature (under operation) from a given gate resistance by extrapolation.

Figure 3.37: DC Gate Resistance vs temperature when device is off made for
TCR calibration.

The device is then turned on by biasing it with the desired Vd and Vg respec-
tively with the chuck brought back to room temperature. The gate resistance
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Figure 3.38: Temperature rise versus power for different Vg at Vd = 0.8 V.

Table 3.7: Thermal Resistance Using 4T Gate Resistance Technique at Different
VG Biases for Vd = 0.8V.

Gate bias condition (V) Gate temperature (◦C) Rth (Kµm/mW)

0.5 47.2 95.7
0.6 60.7 98.4
0.8 76.9 86.3
0.9 85 84

is then measured at each bias point and the gate temperature is estimated from
the TCR found out before. Figure 3.38 shows the device temperature rise
(with respect to room temperature) under different bias conditions of gate volt-
age Vg varying from 0.5 to 0.9 V at a given drain voltage Vd of 0.8 V (and
thereby different power levels as due to different drain current Id for each bias
condition).

Table 3.7 shows the estimated gate temperature and the corresponding Rth
for the aforementioned bias conditions. The mean Rth is 91 Kµm/mW obtained
over the bias range considered.

As the extracted thermal resistance is directly related to the accuracy of
extraction of the gate temperature and the power dissipated, estimation at lower
biases can be more error-prone. This is because the actual gate temperature is
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lower because of less heating at lower biases: small errors in gate temperature
estimation affect the extraction to a greater extent in such cases.

Variability and Error Bars of Extraction
The estimated results of Rgate versus temperature over the three dies have been
shown in Figure 3.37. Additionally, the impact of the extraction of the TCR
is investigated further. It is seen that the Rgate versus temperature plot is not
perfectly linear: on all the dies measured, the slope at lower temperatures is
systematically steeper than that at higher temperatures. This is demonstrated by
comparing the slope of Rgate between the first temperature point (25 ◦C in our
case) with the second (50 ◦C), third (75 ◦C), fourth (100 ◦C), and fifth (125 ◦C)
temperature points respectively (shown in Tables 3.8, 3.9, 3.10). This has an
important impact on the estimated Rth: by estimating Rth from the highest slope
(1st - 2nd point) compared to the lowest slope (1st - 5th point), an Rth reduction
of 20 - 30% is observed. The sensitivity of the extracted Rth on the TCR and
the Y-intercept of the Rgate versus temperature plot is evident.

Table 3.8: TCR Results and Rth for Die1

Die1 Slope 1st-5th Slope 1st-4th Slope 1st-3rd Slope 1st-2nd

point point point point
TCR (Ω/◦C) 0.074 0.0853 0.092 0.112

Y-intercept (Ω) 50.22 49.367 49.2 48.7
Rth (Kum/mW) 75.64 76.53 70.95 58.28

Table 3.9: TCR Results and Rth for Die2

Die2 Slope 1st-5th Slope 1st-4th Slope 1st-3rd Slope 1st-2nd

point point point point
TCR (Ω/◦C) 0.073 0.0747 0.086 0.108

Y-intercept (Ω) 48.375 48.33 48.05 47.5
Rth (Kum/mW) 89.93 87.94 76.34 60.79
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Table 3.10: TCR Results and Rth for Die3

Die3 Slope 1st-5th Slope 1st-4th Slope 1st-3rd Slope 1st-2nd

point point point point
TCR (Ω/◦C) 0.076 0.08 0.09 0.108

Y-intercept (Ω) 52.2 52.1 51.85 51.4
Rth (Kum/mW) 94.13 89.42 79.49 66.24

3.8.3 RF Technique

With the methodology of the RF technique described previously in Subsection
3.5.4, the experimental findings are demonstrated here.

Experimental Results

In this work, for the RF characterization, S-parameters are measured in a
frequency range from 100 kHz to 1 GHz and converted to Y parameters with
dedicated open de-embedding structures. The measurements are made on
an MPI TS3000-SE probe station, with the general characterization flow and
high-temperature measurement aspects already discussed in Section 2.2 of
Chapter 2. A Keysight PNA N5291A vector network analyzer and two RF |Z|
probes of 100 µm pitch are used for these measurements. The RF |Z| probes
are compatible for high-temperature measurements that shall be required for
DC measurements at higher temperatures to compute Id versus temperature
slope which is essential for estimating Rth. DC biasing of the gate and drain
is done using biasing instrument B2902A. Bias tees are used to combine the
aforementioned DC bias and the RF cables to connect to the VNA. SOLT
(Short-Open-Load-Thru) method is used for calibration at room temperature.
For temperature measurements, the devices are measured at 25, 50, 75, 100
and 125 °C, respectively. In order to have a steady temperature value while
measuring, the whole system was let to steady for at least half an hour.

Figure 3.39 shows the extracted output conductance gd versus frequency
plot at Vg and Vd of 0.8 V. The transition in gd as we go from lower to higher
frequencies is clearly observed and this is the basis of the estimation of thermal
resistance Rth. The impact of the substrate effect on the gd transition can be
visualized from the curves with Vg below the ZTC (Vg 0.4 and 0.5 V). While
SH pushes down the gd transition in these cases resulting in a monotonically
decreasing plot up to around 30 MHz, the onset of substrate effect from that
range is seen to push the transition upwards. In our devices, it was observed that
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Figure 3.39: Output conductance gd vs frequency for different Vg biases at
Vd = 0.8V.

the ZTC point appears at Vg 0.6 V and thus the amplitude of the gd transition at
that bias point was subtracted from the given case above to obtain the corrected
gd transition. The fact that the transition in gd with frequency is related to the
substrate and back-gate network is verified by the presence of a gd transition at
the ZTC point.

Figure 3.40 shows the variation of drain current Id with temperature at dif-
ferent Vg biases, including that of the ZTC. The increase in Id with temperature
due to threshold voltage reduction for Vg biases below ZTC and the decrease
in Id with temperature above the ZTC due to mobility degradation at biases
above the ZTC is evident. The slope of Id versus T is used for the calculation
of Rth. Note that at the ZTC (Vg = 0.6 V in our case), as Id is invariant with
temperature, the slope tends to zero, resulting in a very high value of Rth from
Equation 3.17. Therefore, computation of Rth using the RF technique cannot
be done close to the ZTC and it is noted in [98] that the extraction accuracy of
Rth is best at higher Vg biases in saturation.
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Figure 3.40: Drain current Id vs temperature for different Vg biases at Vd = 0.8
V. The variations above and below ZTC of Vg = 0.6 V are seen.

Table 3.11: Thermal Resistance Using RF Technique at Different Vg Biases for
Vd = 0.8 V.

Bias Condition Rth without Substrate Effect
Correction (Kµm/mW)

Rth with Substrate Effect
Correction (Kµm/mW)

Vg = 0.8 V 221 163
Vg = 0.9 V 204 168
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Results over Multiple Dies
The results shown have been verified over multiple dies and the results for two
different bias conditions in saturation are shown below. Table 3.12 and Table
3.13 show the extracted results in saturation at Vd = 0.8V and Vg of 0.8V and
0.9V, respectively. While desirable trends are obtained over all three dies, the
variability across them is also as low as 4%.

Table 3.12: Thermal Resistance of 4T FET for Different Dies at Vg = Vd =
0.8V.

Die gd,LF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

Die1 3.52 1.83 −12.87 23.38 162.8 101.5
Die2 3.85 1.98 −13.44 23.95 163.5 104.4
Die3 3.46 1.69 −12.11 22.70 164.4 99.5

Table 3.13: Thermal Resistance of 4T FET for Different Dies at Vg =
0.9V,Vd = 0.8V.

Die gd,LF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

Die1 4.25 3.10 18.08 27.59 166 122.1
Die2 4.70 3.26 19.07 28.16 160.7 120.6
Die3 4.25 2.94 17.30 26.90 168.3 120.7

Specifically, the trends on drain current versus temperature are demonstrated
as an accurate estimation of dId/dT is important for the Rth extraction. The
Id vs temperature plots on three dies at Vd = 0.8V and Vg biases of 0.8 and
0.9 V each are shown in Figure 3.41. Over the three dies, the averaged Id vs
temperature plot is seen in Figure 3.42 for two different Vg biases. A good
linear trend is established on all the dies.
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Figure 3.41: Drain current Id vs temperature for Vg = 0.8 V at Vd = 0.8 V.

Figure 3.42: Averaged drain current Id vs temperature over the measured dies
for Vg = 0.8,0.9 V at Vd = 0.8 V.
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3.8.4 Comparison of EXT and PLUS PDK
There are two different 22FDX® PDKs, namely EXT and PLUS, that model
self-heating based on two different techniques. The EXT PDK uses the gate-
resistance technique while the PLUS PDK uses the AC conductance technique.
With the AC conductance technique having a similar methodology as the RF
technique, comparing the same device on these two PDKs would give us an
idea of the difference between the gate-resistance and RF techniques.

PDK Results
The device considered is the same as the one in our measurements: the gate
length is 20 nm, and the total width is 30 µm for each device composed of
60 fingers, each finger having a width of 0.5 µm. On both the PDKs, the RF
technique method is used to estimate the thermal resistance as in Equation 3.17.
The detailed PDK results on the two PDKs have been shown in Subsection
3.7.3.

Computed at Vg = Vd = 0.8V, around 1.34 times higher Rth is seen with
the PLUS PDK compared to the EXT PDK, highlighting the Rth difference
estimation from the techniques. Rth EXT = 138.05Kµm/mW and Rth PLUS :
186.07Kµm/mW. The values obtained are shown below in Table 3.14.

Table 3.14: Rth on EXT and PLUS PDKs.

PDK gd,LF gd,HF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

EXT 2.42 4.00 1.58 13.90 22.74 138 84
PLUS 2.13 4.11 1.98 13.22 22.44 186 111

Based on the study on Rth versus temperature on both the PDKs, a system-
atically higher Rth was observed for the PLUS PDK at different temperature
points ranging from 25 to 125 °C (seen in Figure 3.32 previously).

These results clearly show the difference in SH estimation using the gate-
resistance and the RF techniques. An in-depth study of the quantitative differ-
ence between the cases is reserved for future works.
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3.9 Discussion
3.9.1 4T Gate Resistance vs RF Technique

Table 3.15: Comparison Between Gate Resistance and RF Techniques

Gate Resistance Tech-
nique

RF Technique

Ideology Measure the gate tempera-
ture and assumes the gate
temperature to be equal to
the channel temperature

Extract the thermal re-
sistance and capacitance
of the transistor after re-
moving the dynamic self-
heating effects

Simplicity of
Use

Classical DC measure-
ment setup

RF measurement setup
needed

Test Structures Special test structures with
multiple contacts to the
gate electrode needed

RF pads, de-embedding
structures needed

Accuracy Can be used to measure
Rth at any bias but extrac-
tions are more sensitive at
lower biases

Extraction of Rth around
ZTC is inaccurate. Extrac-
tion of dId

dT can be tricky

SH parameters
measured

Can only measure thermal
resistance

Can measure both thermal
resistance and capacitance

Various aspects, advantages, and disadvantages of the two techniques are
summarized in Table 3.15. We now come to a quantitative comparison of the
results obtained from these two techniques. In this work, the Rth obtained using
the RF technique of around 166 Kµm/mW is around 1.8 times that obtained
using the 4T Gate resistance technique (91 Kµm/mW. This stark difference is
clearly observed in this study and has also been verified by comparing results
from other works in literature, as described below.

Results from Literature
In order to position the values obtained in this study quantitatively, a com-
parison with numbers obtained from literature is made. In [105], Takahashi
demonstrated an expected thermal resistance (Rth) for a 21 nm BOX device
of around 60 Kµm/mW for a channel length (L) of 20 nm, predicted from the
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reduction of Rth with scaling. This is seen in Figure 3.43. Note that the BOX
thickness is 20 nm in 22FDX®, this can be used as the reference for comparison.
The same observation is noted from the impact of BOX thinning on Rth in [84],
where a 20 nm BOX is expected to give a Rth of 50 – 60 Kµm/mW for L 50
nm. In [103], the Rth using the GR for an FDSOI MOSFET (W = 10 µm, L =
50 nm, TSi = 11 nm, and TBOX = 145 nm) was approximately 100 Kµm/mW, in
agreement with [105] and [84].

Figure 3.43: Rth as a function of Lg for SOI MOSFETs with a tBOX of 6, 21,
and 147 nm in [105]. Channel thickness tSOI was approximately 50 nm.

Overall, the Rth values of around 80-90 Kµm/mW obtained in our measure-
ments seem to be in the expected range as estimated from literature.

To compare the difference between techniques better too, a comparison is
made with respect to bulk technology. Using the RF technique in [81] in 28 nm
gate length devices, the thermal resistance was measured to be 143 Kµm/mW
for FDSOI compared to 42 Kµm/mW for bulk devices. It was seen in [105],
that the Rth for a bulk device is expected to be around 24 Kµm/mW based on
the scaling trends.

In [47], a comparison of the Rth obtained by the two methods was made
on PD-SOI technology with two different substrates (RFeSI80 and RFeSI90)
with different BOX thicknesses. In both cases, a higher Rth was reported for
the RF technique for various gate lengths as seen in Figure 3.44, underlying
the same findings observed from our measurements in this work. The Rth ratio
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of around 1.6 to 1.8 times for the RF technique was obtained compared with
the gate resistance technique in accordance with the results seen in this current
work.

Figure 3.44: Rth extracted from gate-resistance and RF technique in [47].

Comparing the references above, a stark difference between the thermal
resistance obtained from the gate-resistance and RF techniques on both bulk
and FDSOI devices is confirmed.

Table 3.16: Comparison of Rth using Gate Resistance and RF Technique from
[105] and [81] respectively

Technique Rth in Bulk (Kµm/mW) Rth in FDSOI (Kµm/mW)
Gate Resistance [105] 24 58

RF [81] 43 143
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3.9.2 Reasons of Difference in the Techniques

The difference in thermal resistance obtained from the RF technique and the
Gate Resistance technique results in a difference in the channel temperature
and the gate temperature. From our measurements, under bias conditions
Vd =Vg = 0.8 V, the corresponding temperatures at channel and gate estimated
from the RF technique and the gate-resistance technique are 124 °C and 79
°C respectively, resulting in a drop of 45 °C. To assess this, we reconsider the
main assumption of the Gate Resistance technique: the fact that the channel
temperature is equal to that of the gate temperature. This general assumption
had historically stemmed from the fact that the gate oxide is very thin and that
there is good thermal coupling between the gate and the channel [104]. However,
it has to be kept in mind that in advanced MOSFETs, while the equivalent oxide
thickness (EOT) of the gate oxide is low, the physical thickness itself of the
oxide layer is higher for high-K dielectrics used in these devices. Additionally,
the gate stack is a complex entity consisting of multiple films and the thermal
boundary resistance (TBR) between these films can play a significant role
in determining/deteriorating the overall thermal resistance of the stack [107].
Due to the aforementioned factors, even for very thin gate oxides, the thermal
resistance is not necessarily negligible. A comparison from [107] shows that
thinning the Hafnium oxide from 20 nm to as low as 1 nm only manages to
reduce the Rth by half, showing the impact the boundary resistance has in thin
film materials.

In order to make a qualitative analysis of the thermal problem, we attempt to
estimate the heat evacuation through the gate path. The temperature drop across
the gate stack is the product of the gate stack’s thermal resistance and the power
dissipated through the gate path. Assuming that the channel temperature is that
estimated from the RF technique and the gate temperature is that estimated
from the gate resistance technique, the necessary conditions that would cause
such a temperature drop across the gate are analyzed. Figure 3.45 shows an
equivalent lumped element model of this thermal problem around the gate stack
region. Recalling that a temperature drop of 45 °C is observed between the
gate and channel from measurements, the conditions for the same happening
are looked into. For the three different gate stack Rth conditions representing
the lowest to highest bounds, the percentage of total power that needs to be
dissipated through the gate region is calculated for this temperature drop across
the gate. This can be seen from Table 3.17.

While an accurate thermal model would require knowledge of the exact
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Figure 3.45: Temperature of gate and channel and the electrical representation
of the thermal equivalent.

Table 3.17: Percentage of Total Power to be Dissipated Through Gate Stack
for Temperature Drop Corresponding to Difference in RF and Gate Resistance
Techniques for Different Gate Stack Resistance Bounds.

Thickness 1 nm (Lowest Bound) 10 nm 20 nm (Highest Bound)

Rth (KW−1) 16,700 21,700 33,300
PGate/P (%) 14.97 11.52 7.57

materials, thicknesses, boundaries, and geometries, a first-order qualitative
analysis is made to assess the feasibility of the power dissipation through the
gate path compared to the others. These aforementioned aspects of thermal
analytical modelling has been elaborated in Appendix A. In general, the thermal
conductivity of thick film HfO2 is around 1.2 Wm−1K−1 compared to 1.4
Wm−1K−1 for SiO2, so both are similar from a thermal perspective [72]. The
thermal resistance of the 20 nm thick BOX is thus also 33000 K/W for our
device dimensions. This fact clearly brings into perspective that the gate stack
thermal resistance is expected to be much lesser than that of the BOX because
it should be geometrically much thinner. This makes the prospect of having the
percentage heat evacuation through the gate path to facilitate the temperature
drop listed in Table 3.17 quite possible. For the source (drain) region, lack of
precise knowledge of the raised source (drain) region prevents having reliable
numbers and therefore the gate path and BOX-substrate path are the ones
primarily compared here. Overall, from the primary numerical analysis above,
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the possibility of heat dissipation through the gate path is established. The
fact that cooling can happen through the gate region has also been verified
experimentally in literature [108] [109] [110] and also stated in [105] [106],
which shall be the subject of the next discussions in Section 3.10 and Chapter
4. All the above points showcase a corresponding temperature drop across
the gate stack thereby negating the assumption that the gate temperature and
channel temperature are equal.
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3.9.3 Shortcomings of the Techniques

In the course of the work, various shortcomings of both the gate resistance and
the RF techniques are observed.

Gate Resistance Technique

Firstly, to find the temperature coefficient of measurements, the chuck is heated
to a desired temperature to estimate the gate resistance. This means that the
whole device is heated up uniformly to that temperature for the computation.
However, while estimating the gate resistance due to local self-heating, just the
channel region is heated up from SH. Especially for multifinger devices, this
would mean that the whole gate is not at a uniform temperature with a hot-spot
expected somewhere. As the two cases are not exactly the same, correlating the
two remains a shortcoming of the technique.

Secondly, the absolute values of the gate resistance and the TCR play an
important role in the accuracy of extraction; higher values help in estimating
thermal parameters better. In our work, the gate resistance at room temperature
was around 50 Ω and the TCR obtained was around 0.07-0.1 Ω/◦C range and
these values are compared with some others in literature. In Tenbroek [24], a
gate resistance value at room temperature of around 220 Ω and a TCR of around
0.14 Ω/◦C was observed. While the absolute value of Rgate was not mentioned
in [105], a percentage Rgate increase of around 25% was reported, in contrast
to around 15% increase seen in our work over the same temperature range. In
both the above cases, having a gate material that has a greater dependence of
Rgate with temperature helps extraction accuracy further.

Additionally, the variation of gate resistance with temperature is often as-
sumed to be linear. However, studies such as [105] and [79] indicate that the
temperature dependence of the resistance of a conventional polysilicon gate
can be nonlinear (although with an opposite trend where Rgate decreases with
temperature), whereas the partially nickel-silicided polysilicon gate in [105] is
observed to have a linear dependence (shown in Figure 3.46). Therefore, the
overall gate resistance versus temperature trend depends on the type of gate
material used. In our study, we clearly observe that the Rgate vs. temperature
trend shows a steeper slope at lower temperatures across multiple measurements,
indicating the possibility of a nonlinear trend. The importance of accurately ex-
tracting the slope is underscored by the fact that the extracted thermal resistance
(Rth) can decrease by up to 30% when the slope at lower temperature points
is considered, compared to higher temperature points. Further studies on this
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topic, in collaboration with GlobalFoundries, are required to explore this aspect
in greater depth.

Figure 3.46: Gate Resistance vs chip temperature Tchip dependence of change
in Rgate for typical devices used in [105] and conventional polysilicon gate
electrode.

RF Technique
The Id versus temperature behaviour is seen to be a crucial aspect of Rth extrac-
tion using the RF technique. The estimation of the slope is seen to affect the
results and detailed studies on the exact trends need to be carried out. Addi-
tionally, if the trend is nonlinear, the fact that dId/dT varies with temperature
makes it important to see the impact of these variations on estimated Rth.

In all studies utilizing the RF technique in the literature reviewed, the
derivative dId/dT is typically assumed to be the linear slope of Id with respect
to temperature across a specific temperature range. It is important to note that
this linear relationship is based on experimental measurements. Establishing
a reliable linear Id trend can be challenging due to the inherent variability in
characterization, which is why a linear fit is often employed to extract dId/dT .

However, when examining the Process Design Kit (PDK) results, a nonlin-
ear relationship between Id and temperature is observed, indicating that dId/dT
is not constant but varies with temperature. This variation implies that the ther-
mal resistance (Rth) extracted from the data can differ significantly depending
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on the temperature at which the slope is determined, unlike the case where the
trend is linear. For instance, calculating dId/dT at 125 ◦C results in an Rth
value approximately 25% higher than that obtained by taking dId/dT at 25 ◦C.

Despite the potential impact of this variation, there has been no comprehen-
sive study in the literature addressing how inaccuracies in extracting Id versus
temperature data can affect the extracted Rth. This work aims to fill that gap
by investigating the effect of such inaccuracies, with a comparison to trends
observed in PDK models. While it is exceedingly difficult to establish a clear
nonlinear trend, applying a nonlinear fit similar to that used in the PDK to
our measurements shows that the nonlinear fit does not deviate significantly
from a linear fit. A thorough investigation into this phenomenon would provide
valuable insights and help correlate experimental measurements with model
predictions and physical effects.
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3.9.4 Summary
Two prominent self-heating characterization techniques, the gate-resistance
technique and the RF technique are studied and compared in this section using
MOSFETs in 22 nm FDSOI technology. The advantages and drawbacks of
the 4T gate resistance and RF techniques are discussed qualitatively. From
a quantitative analysis of characterized results on the same test device, it is
found that the RF technique shows around 1.8 times as high thermal resistance
as the value extracted from the gate-resistance technique. The assumption of
the gate-resistance method that the channel temperature is equal to the gate
temperature is brought into doubt from the difference in channel temperature
value extracted by these two methods. This reinstates the fact there could
be a considerable impact of the thermal insulation provided by the complex
gate stack, with thermal boundary resistances between the different layers in
the stack playing a role in causing a temperature drop across it. On the other
hand, for the RF technique, an accurate estimation of the drain current versus
temperature slope is necessary for an accurate estimation of thermal parameters.
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3.10 Impact of Device Layout on Self-heating Extraction
Having looked into the pros and cons of the gate-resistance and RF techniques
for SH characterization, we build further by studying layout-related impacts
on SH characterization. SH parameters (thermal resistance Rth and channel
temperature rise ∆T ) extracted using characterization techniques are often
compared and the difference is attributed to the inner device features itself.
However, one needs to pay attention to the fact that device configuration has
an important impact on the extracted features not only due to differences in
the inner device configuration (and thus heating and heat evacuation) but also
due to different parasitic elements and heat evacuation paths. In this work, we
demonstrate this based on experimental data for four-terminal (4T) gate access
(used for gate resistance technique) FET, complemented by PDK simulations
of series resistance effect. This work, currently accepted as an abstract for
publication, analyses the impact of device layout on SH extraction and treats it
in terms of parasitic series resistance and heat evacuation.

3.10.1 Device under Test
The core FET is an nFET with total width 30µm based on 22FDX® [19].
Figure 3.33 shows the layout of the 4T RF test structure (with additional DC
pads/accesses to the gate) which allows the application of both gate resistance
and RF techniques to the same device; it is the same device used in Subsection
3.8.1. The thermal attributes of this device are compared with a standard version
of the RF device without the additional DC contacts.
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3.10.2 Experimental results and Discussion

The RF technique is used for SH characterization on both the devices, with and
without 4T gate accesses. The experimental setup used is the same as the one
used in Subsection 3.8.3 on the MPI probe station utilizing high-temperature
measurements in a way described in Section 2.2 of Chapter 2.

The DC characteristics of the devices with 4T additional gate terminals
and without them (labelled “4T” and “no 4T”, respectively) are similar in
terms of threshold voltage (Figures 3.47 and 3.48), allowing for a direct
comparison of their SH features. Additionally, from the above figures the fact
that Id between the two cases becomes similar in saturation (where SH becomes
stronger) compared to linear (where SH is almost absent) shows the effect of
heat evacuation from accesses coming into play.

Figure 3.49 shows the variation of gd with frequency (after open de-
embedding) and Figure 3.50 shows Id versus temperature for these FETs.
A higher value of gd and higher absolute value of ∂ Id

∂T obtained for the “4T” FET
suggest that it is less affected by SH compared to the “no-4T” case. Table 3.18
summarizes the comparison of the devices from an SH perspective, showing
around 20% lower Rth and ∆T in “4T” FET.

Figure 3.47: Drain current Id and transconductance gm vs gate voltage Vg for
4T and no 4T device in saturation at Vd = 50mV.
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Figure 3.48: Drain current Id and transconductance gm vs gate voltage Vg for
4T and no 4T device in saturation at Vd = 0.8V.

Figure 3.49: Output conductance gd vs. frequency for 4T and non-4T devices
in saturation at Vd = 0.8V and Vg = 0.8V and 0.9V.

Keeping in mind that the core FET (“inner” device) is the same in both
configurations, we suggest that the difference in the extracted SH features arises
from the different layouts or accesses. Differences can arise from: (i) thermal
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Figure 3.50: Drain current Id vs temperature for 4T and non-4T devices in
saturation at Vd = 0.8V and Vg = 0.8V and 0.9V.

Table 3.18: Self-Heating Parameters. Vg =Vd = 0.8V.

Device gd,LF ∆gd
∂ Id
∂T Rth ∆T

(mS) (mS) (µAK−1) (Kµm/mW) (◦C)

4T FET 3.46 1.69 12.11 164 99
No 4T FET 3.4 1.81 10.54 201 123

evacuation path and (ii) parasitic series resistance. Indeed, one can expect
more efficient cooling from the accesses in the 4T device with a “larger”/more
developed heat evacuation path. This hypothesis is in line with our works in
Chapter 4 which demonstrate that a heat sink connected to the gate of a device
can reduce Rth [109, 110] by 8-20% depending on the sink configuration/area.
From a technique point of view, the actual device Rth is therefore underestimated
due to the gate accesses themselves acting like heat sinks. Apart from that,
one can suppose different series resistances in those devices, which can be
either due to variability or layout-related effects. Lower Id attributed to the
higher Rsd is seen in 4T FET in linear regime; the difference becomes smaller
in saturation with heat evacuation difference coming into play (Figure 3.48).
Simulations using PDK model with various series resistances added to the
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FET reveal their effect on SH parameters extracted using the RF technique.
Rs, Rd have a pronounced impact on both the gd and ∂ Id

∂T (increasing gd,LF and
magnitude of ∂ Id

∂T ) which is due to the difference between the external applied
bias and the one seen by the inner device. The impact of Rd on the gd transition
is illustrated in Figure 3.51 and the corresponding change in Rth (Table 3.19)
is 2% (in the case of low added resistances) but can go up to 7% and higher.

Figure 3.51: Output conductance gd vs frequency for the device in PDK for
varying Rd computed in saturation at Vd = 0.8V and Vg = 0.8V.

Table 3.19: Measured Parameters with Different Values of Rd .

Rd gd,LF ∆gd
∂ Id
∂T Rth ∆T

(mS) (mS) (µAK−1) (Kµm/mW) (◦C)

0 Ω 2.42 1.57 12.8 149.12 90.43
2 Ω 2.76 1.56 12.92 145.78 88.01
5 Ω 3.4 1.54 13.12 139.85 83.76
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3.10.3 Summary
This work demonstrates that special care needs to be taken when comparing
different techniques and device configurations/layouts from a self-heating per-
spective. Observed differences should not only be attributed to the inner device
but also to non-negligible layout effects. Specifically, for the 4T gate resis-
tance characterization technique, cooling through the gate contacts leads to an
underestimation of the device’s thermal resistance.
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3.11 Conclusion

In this chapter, self-heating characterization techniques for state-of-the-art
devices are looked into. Two of the most prominent techniques, Gate Resistance
technique and RF technique are compared and the pros and cons of each are
assessed. A comprehensive analysis of Id versus temperature, an important
parameter in the RF technique, is conducted, including adequate temperature
data points to examine trends. The observed linear trend in both our data and
literature is in contrast with the nonlinear trend noted in the PDK. By trying to
have a similar nonlinear fitting from the PDK in our measurements, it is seen
that it is possible to have such a fit, although difficult to establish precisely:
this demonstrated the fine margins associated with the extraction process. A
nonlinear trend results in varying dId/dT with temperature; this highlights the
need to choose the ambient temperature point for dId/dT extraction. Error bars
due to these variations in the slope of Id versus temperature are shown and their
impact on the extracted thermal resistance is studied in the measurements and
PDK. The impact of process corners on Rth extraction is also studied through
PDK simulation; 7-9% Rth variation with respect to the typical-typical corner
case is observed for fast-fast or slow-slow corners. The variation of thermal
resistance with ambient temperature is also investigated in measurements and
PDK. Around 6% Rth reduction is seen on increasing temperature from 25 to
125 °C, in line with the roughly 6-8% reduction seen in the PDK models.

For the gate-resistance technique, the assumption that the gate temperature
and the channel temperature are both equal is brought into question. Addition-
ally, the linear trend assumed for Rgate versus temperature is looked into deeper;
this is seen to be a crucial factor in SH extraction using this technique. It is
seen that the Rgate versus temperature plot has a slightly nonlinear trend too as
evident from the slope variation at different temperature points. Around 20%
variation in Rth can be seen based on the temperature point of slope extraction,
showing the sensitivity of the extraction with respect to this parameter.

From measurements on the same test structures, a 1.8 times higher thermal
resistance is obtained for the RF technique compared to the gate resistance
technique. The higher Rth for the RF technique is also verified from PDK
model results. Comparing the EXT PDK (modelled using the gate resistance
technique) and the PLUS PDK (modelled using the AC conductance technique),
a 1.35 times higher Rth is obtained for the PLUS PDK. This shows that the
extracted thermal attributes also depend on the type of SH characterization
technique and possible reasons for the same need to be investigated. Heat
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evacuation through the gate path could lead to a drop in the temperature across
the gate explaining such a difference between the techniques. On exploring
this aspect further, cooling through the gate contacts for the 4T gate resistance
technique is established from observed lower thermal resistance values for
the same MOSFET with 4T gate contacts compared to the case without the
contacts. It is also observed that the differences could also partly be coming
from a variation in series resistances of the devices that affect the SH extraction.
Therefore device layout-related effects need to be kept in mind for accurate SH
characterization.

Overall, this chapter provides an in-depth analysis and insights into self-
heating extraction and the shortcomings of its techniques.



4. Self-Heating Mitigation Techniques

Having introduced the self-heating problem and the undesirable effects arising
from it, we explore possibilities of reducing SH. A review of existing techniques
in literature that help ameliorate SH is made. It is observed that while most
SH reduction techniques focus on altering the substrate material or with sinks
related to the substrate, heat evacuation through the back-end of line (BEOL)
has rarely been explored. Developing on this gap in literature we demonstrate at
a device level the use of a heat sink in the back-end of line (BEOL) to reduce the
thermal resistance Rth of a device and thereby SH. Additionally, the impact of
the sink size on reducing self-heating is investigated; a tradeoff is seen between
SH reduction and RF performance coming from the parasitics of the sink.

4.1 Introduction: Heat Evacuation in MOSFETs

The main goal of this chapter is to look into ways of self-heating mitigation in
MOSFETs. To do so, we pick up on insights obtained from Chapter 3 where it
was seen that gate contacts used for the 4T Gate Resistance technique can help
in cooling. This observation shall be investigated further by focussing on the
aspect of heat sinks connected to the gate to help heat evacuation. The chapter
flow can be seen in Figure 4.1.
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Figure 4.1: Overview of Chapter 4.

4.1.1 Heat Evacuation Paths
Looking into the possible heat evacuation paths in MOSFETs is the first step.
To better understand the SH problem, a visual representation of the device
geometry, materials used in the device and the heat evacuation paths is crucial.
For the sake of simplicity, we shall consider a basic representation of the SOI
MOSFET to comprehend the differences between them. By attributing thermal
resistances to the different heat evacuation paths, insights into how the heat
flows out from the channel will be looked into.

Based on a simple one-dimensional model of heat transport, the thermal
resistance of each material layer/block can be expressed in Equation 4.1 as
follows:

Rth =
l

kA
(4.1)

where l is the length of the material, k is the thermal conductivity, and A is
the cross-sectional area. This is also analogous to the expression for elec-
trical resistance computation with electrical conductivity in place of thermal
conductivity.

Let us start by considering the primary heat evacuation paths as illustrated
in Figure 4.2 below. The heat generated in the channel can flow mainly through
four regions: substrate, source, drain and gate.
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Figure 4.2: MOSFET heat evacuation paths.

Keeping the simple analysis above in mind, it is to be noted that the heat
evacuation would depend on the geometry of the device: the thermal problem
would differ for different values of channel length, channel thickness, BOX
thickness etc. as the area of evacuation that the heat gets to flow out through
different paths would be different in each case. Additionally, the geometry
could affect the thermal conductivity of layers too based on their thicknesses.

4.1.2 Impact of Technology type on Heat Evacuation

Based on the previous discussion on the heat evacuation paths, we try to
visualize the thermal problem in bulk and SOI technologies.

Bulk Silicon

To recall, Figure 4.2 illustrates the heat evacuation paths in SOI MOSFET; in
bulk technology just the BOX layer is absent and the downward path is directly
through the substrate. There are possible heat evacuation paths upwards and
downwards: with the downward path being directly to the substrate underneath
and the upward path being through the gate, source and drain regions respec-
tively. In this technology, the downward path through the bulk Si substrate
turns out to be a major evacuation path as the thermal conductivity of bulk Si is
relatively higher than the other regions, namely Source, Drain and Gate. This
is because the lower Si thickness in the source and drain regions degrades the
thermal conductivity from phonon scattering while the gate dielectric has low
thermal conductivity.
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PDSOI
Compare the above situation with the PDSOI technology, where a thick buried
oxide (BOX) of SiO2 is present underneath the top Si channel. The fact that
the thermal conductivity of SiO2 is two orders of magnitude lower than that of
bulk Si, this BOX block impeded heat evacuation downward (thereby resulting
in a greater thermal resistance in the downward path), thereby enhancing SH
concerns on this technology.

Figure 4.3: Comparison of heat evacuation in PDSOI and FDSOI

FDSOI
Thinning the BOX in FDSOI helps in reducing the thermal resistance offered by
the BOX material as the thermal resistance of any material would simplistically
speaking be directly proportional to the thickness of the material. While the
reduction of film thickness contrarily reduces the thermal conductivity due to
phonon scattering, the film thinning effect is dominant in reducing the thermal
resistance of the film. This improves the evacuation downward compared to
PDSOI as the thermal resistance of the downward path is reduced as seen in
Figure 4.3.

4.1.3 Impact of Channel Dimensions on Heat Evacuation

We now take a closer look at the channel and its surroundings from an area
of heat evacuation perspective. From the figure below, the top and the bottom
faces of the channel (represented as a cuboid here) represent the interfaces
between the gate and the substrate respectively while the left and the right
faces represent the source and drain interfaces. Based on the dimensions of
the device length L, device width W and channel thickness TSi, the areas of
heat evacuation through the different paths (via the different faces) would vary.
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Having dimension L twice as high (in Figure 4.4 (b) with respect to Figure 4.4
(a)) would result in having twice as high area of evacuation through the gate and
substrate regions. Therefore, for longer channel devices greater heat evacuation
through the gate and substrate regions is expected whereas for shorter channel
devices evacuation through source and drain regions could be more feasible.

Figure 4.4: Variation of heat evacuation areas with different channel dimen-
sions.

Alternatively, considering the case of a thicker channel device (in Figure
4.4 (c) with respect to Figure 4.4 (a)), the surface area of heat evacuation
through the source and drain regions is increased and thereby in such a device
evacuation through those regions could be more prominent.

The main message to take away here is therefore that the thermal problem
varies from device based on the geometry. The impact of having different
materials on the heat evacuation scenario is demonstrated next by comparing
the situation in bulk and SOI technologies.

4.2 Benefits of Self-Heating Reduction

The various drawbacks due to higher device temperatures caused by SH have
been listed in Section 1.2 of Chapter 1. To summarize, degradation in de-
vice performance and device lifetime are the main concerns arising from the
same. Finding ways to mitigate SH would help in reducing the negative effects
brought about by it. By restricting the device temperature rise, performance and
reliability can be improved. This is specifically of great interest in advanced
nodes that face greater SH concerns and for modern applications where reliable
operation over long periods is crucial.

From a reliability perspective, device lifetimes are reported to be inversely
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proportional to the temperature; reducing device temperature would help im-
prove lifetime. In Figure 4.5, Honeywell reports the variation of device lifetime
for commercial CMOS and high-temperature SOI CMOS technologies with
temperature. For Honeywell high-temperature CMOS, the device lifetime is
reported to decrease from around 100 years at 150 °C to around 10 years at 200
°C. This shows the strong impact of temperature increase on reliability; using
heat evacuation methods to reduce device temperatures can greatly help in this
context.

Figure 4.5: Variation of device lifetime with temperature reported by Honey-
well in [43].

4.3 Different Methods of Self-Heating Reduction
With the drawbacks of SH established, possible ways of mitigating SH have
been a subject of great interest. Some of the techniques from literature are listed
below.

4.3.1 Substrate Engineering
Substrate engineering refers to suitably selecting or altering the properties of the
substrate to have better performance. Modifying the substrate material, property
or geometry could be used for different purposes in general, for example,
improvement of Q factors on SOI inductors was proposed in [111].
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From an SH perspective, with the fact that the SiO2 BOX is one of the
major bottlenecks in heat evacuation, reducing the thermal resistance of the
BOX would help the heat evacuation process. Going back to the analytical
model, with Rth being directly proportional to the thickness of the material and
inversely proportional to the thermal conductivity of the material, two ways of
reducing Rth would be: i) Decreasing the material thickness ii) Using a material
with greater thermal conductivity

BOX Thinning
The reduction of Rth due to BOX thinning in PDSOI MOSFETs of different
BOX thicknesses can be seen clearly in Figure 4.6 from the work of Babak
[47]. Three different BOX thicknesses of 1 um, 0.4 um and 0.2 um were
compared and the results were systematically lesser for the thinner BOX cases
over different device lengths.

Figure 4.6: Decrease of Rth with BOX thinning from experimental results using
RF technique by Babak in [47]. Three different BOX thicknesses were studied.

In the work from Uchida [84], the fact that BOX thinning reduces the ther-
mal resistance was shown. It was observed that the Rth decreases monotonically
to a possible thin tBOX limit of 5 nm. The trend of decreasing Rth with BOX
thinning was also demonstrated in simulations by Fiegna in [85].

Alternative BOX Materials
While BOX thinning has already been demonstrated to be an effective method
to reduce thermal resistance, in advanced FDSOI technologies it is already
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thinned down to a considerable extent. The other alternative of considering al-
ternative BOX or even gate oxide material becomes an interesting one. Thermal
conductivities of possible oxide materials are shown in Table 4.1. Considering
some other oxides, Al2O3 is over 25 times thermally more conductive than
SiO2 [112]. The possibility of considering Al2O3 even as gate material could
be worth a thought from a thermal perspective given that electrical explorations
in this direction are being made [113]. Additionally, it is noteworthy that Al2O3
is not among rare-earth metal oxides, making it compatible with sustainable
development objectives.

Previously, in 2004, using Al2O3 as the buried oxide was proposed by
Oshima in [114] where the device temperature could be reduced by over 15-
20% compared to SiO2 BOX as seen in the Figure 4.7. It was shown that
a demonstrated reduction in lattice temperature by around 40 °C (such as
provided by the alumina BOX) enabled the mobility to increase by more than
20%. Looking at it from another perspective, this improvement in mobility
aligns with the anticipated outcomes of using strained silicon films; therefore
a viable method for enhancing carrier mobility involves mitigating excessive
self-heating through the usage of buried alumina BOX.

Figure 4.7: 2-D simulations of the lattice temperature versus BOX thickness
in 70 nm long SOI MOSFETs with (a) SiO2 or (b) alumina BOX (tSi = 10 nm)
[114]

In [115], the use of AlN and diamond as the BOX layer to reduce SH
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was explored. AlN has a thermal conductivity around 100 times higher than
SiO2 whereas that of diamond is the best found in nature. The improvement in
thermal properties using diamond instead of SiO2 was also shown in [116].

Table 4.1: Thermal Conductivities of possible BOX Materials

Material Thermal Conductivity (Wm−1K−1)

SiO2 1.4
Al2O3 35
AlN 136
Diamond 2400

Of course, we need to keep in mind that in thin films, due to phonon
boundary scattering effects, the thermal conductivity decreases and for the most
advanced devices, a comparison of the thin film values needs to be made. In
Scott [107], it is reported that for very thin films, the TBRs dominate and thus
while Al2O3 and TiO2 films are more thermally conductive, the difference with
respect to HfO2 is lesser than the corresponding thick film numbers shown
earlier.

Using polycrystalline diamond as the BOX insulator was studied in [117]
and the temperature rise could be reduced 3-4 times compared to devices on
oxide from both measurements and simulations. In [118], some other materials
like diamond and AlN were considered in addition to Al2O3 which all provide
thermal benefits. From an electrical perspective though, using high-k BOX
materials could result in worsened short channel effects and thus a tradeoff can
be envisioned.

4.3.2 Layout Optimization

Electrically, using multi-finger MOSFETs is done to reduce the gate resistance
with the gate fingers in parallel. But from a thermal point of view, due to
thermal coupling between adjacent fingers in multi-finger MOSFETs SH is
more pronounced than the corresponding single-finger case. Each finger is
heated by its neighbouring fingers due to heat spreading and a non-uniform
temperature distribution is expected with the outer fingers being the coolest and
the middle ones being the hottest. This can be seen in Figure 4.8 demonstrated
from [100].
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Figure 4.8: Thermal coupling in multi-finger device. Top view of transistor and
schematic of the typical temperature rise in the channel, along the heat source
in the x-direction, taken from [100].

Fiegna showed through simulations in [85] that Rth increases rapidly with
the increasing number of fingers and saturates at a certain point. Thereby from
a thermal point of view, having fewer fingers can help in reducing the thermal
problem. A tradeoff can therefore be expected from an electrical-thermal
viewpoint. On the other hand, increasing the spacing between the fingers (also
referred to as pitch) can help in reducing the thermal interactions between the
fingers and result in lesser heating.

The impact of improving SH at a MOSFET level helps in enhancing the
performance at circuit level too. In [17], implementing a well-optimized clock-
driver layout with a wider finger spacing made it possible to mitigate perfor-
mance degradation caused by the self-heating effect by achieving an improve-
ment of 1.3–1.4× in 0.09-µm bulk and SOI CMOS technologies.

4.3.3 Heat Sinks

Using heat sinks to evacuate heat is a general principle used in a variety of
applications in real life and the same theory could be applied to electronics too.

As early as 1994, [119] used a buried 70 um thick gold plated heat sink for
aiding heat dissipation from the active layer. The thermal resistance was half
compared to that of conventional FETs without the heat sink. More recently in
2022, in [120] Zuo simulated a highly thermally conductive diamond substrate
also,g with a diamond heat sink layer to reduce device temperature by 35% in
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GaN HEMT devices.
In [121], the usage of polysilicon plugs through the BOX layer was made to

improve thermal performance. Thermal resistance was reduced by 15% using
this method. However, accommodating the heat sink took up 21% additional
area compared to the standard device.

Graphene, due to its high thermal conductivity, has been of interest as a
material which could aid heat removal. The thermal conductivity of suspended
graphene at room temperature (RT) was found to range between 4840 and 5300
Wm−1K−1 [122]. Using graphene heat spreaders to evacuate heat using heat
sink under the BOX was studied in [123]. It was discovered that integrating
graphene with suitable heat sinks could significantly reduce the temperature of
localized hot spots.

More recently in November 2022, OnSemi has demonstrated a series of
new MOSFET devices with innovative top-side cooling to assist designers in
challenging automotive applications in [124]. This has been achieved by using
a 16.5mm2 thermal pad on the upper surface, enabling heat dissipation directly
into a heat sink. Enhanced reliability with the top-cooling design contributes to
an extended overall system lifespan.

Overall, most of the heat sink topologies seen in literature used have mainly
explored evacuation through the substrate. Using evacuation through the BEOL
has not been explored and that is what we investigate in detail in this chapter.
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4.4 Heat Sink in BEOL

4.4.1 Idea and Background
Thermal optimization methods like substrate engineering using alternative
materials or heat sinks in the FEOL would be trickier to implement in practice
as they require significant changes in device processing. The substrate, BOX,
source, drain and gate region dimensions and materials are all mostly fixed by
the technology. Layout optimization might not also be possible due to a certain
desired device layout from a design performance perspective. However, the
BEOL path, which offers the flexibility to realize spreaders and sinks more
freely, could provide a general possibility of heat evacuation that could apply
to devices of different layouts or on different substrate types or technologies.
With this consideration in mind, we look into the possibility of heat evacuation
through the BEOL path.

Mariniello [108] experimentally demonstrated recently in 2016 the effect
of heating dissipation through the gate electrode and its impact on the heating
of SOI devices. In order to limit this cooling effect through the gate contacts,
two gate contacts instead of four are used to measure self-heating using the
gate resistance thermometry method in [106]. In this work, we go further in
this concept and propose techniques of SH reduction using dedicated heat sinks
implemented in the process’ BEOL and explore them experimentally. The
prospect of using thermal shunts in the BEOL to suppress SH was studied
in [125], but only by simulations. Out of the aforementioned possible heat
evacuation paths, the BEOL path above the MOSFET is of interest in this work.
Our work experimentally addresses heat evacuation through the BEOL using
various heat sink configurations.

In this work, published in [109], we propose a potential technique for
reducing SH using dedicated heat sinks for the devices implemented in the
process BEOL and explore it experimentally. Additionally, the effect of the
presence of heat sinks on the performance of the devices is studied. Our
conference publication [110] is extended by comparing different extraction
methods, adding more measured dies and bias conditions.

4.4.2 Device under Test
The devices used in this study originate from the 22 nm FDSOI technology
from GlobalFoundries [19]. The rich BEOL consisting of 11 metal layers in this
technology provides ample scope for the realization of heat sinks to facilitate
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Figure 4.9: BEOL versus FEOL for sink realization.

heat dissipation (seen in Figure 4.9). The gate length is 20 nm, total width is
30 µm for each of these devices composed of 60 fingers, each finger having a
width of 0.5 µm. In this work, two identical FETs but with two different heat
sink configurations are considered. One of them is connected to a heat sink
through the gate (called “gate-connected sink”), while the other one includes
the same heat sink, which is left floating (called “floating sink”).

The heat sink introduced in the BEOL consists of a metallic pad right
above the FET, over which the passivation layer is removed. With the BEOL
consisting of 11 metal layers, a metal plate of 234 µm× 114 µm is used on
the uppermost metal layer, connected down with vias to the fifth metal layer.
Figure 4.10 and Figure 4.11 schematically illustrate the gate-connected sink
and the floating sink configurations, respectively. The gate-connected sink
(Figure 4.10) comprises of a similar metal plate in the top metal layer, however,
it is connected by vias to the gate above the gate accesses. The floating sink
is left electrically and thermally floating above the fingers of the FET in the
fifth metal layer and consists of metal rectangles that continue to stack up to
the metal plate in the topmost layer. Note that there are two gate accesses that
lie on either side of the gate fingers of the FET that help in connecting them
to the sink (only one of these gate accesses connecting the fingers is seen in
Figure 4.10 and Figure 4.11). The main difference between these two kinds of
sinks is the electric and thermal connection to the gate with metal vias above
the fifth metal layer (labelled as connected vias “Vx” in Figure 4.10). The
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absence of these vias in case of the floating sink can also be perceived clearly
in Figure 4.11. It is worth noting that the way of incorporation of the heat sink
in the BEOL we propose in this work does not add a penalty in terms of the
area occupied by the device (or circuit) on which it is implemented. Moreover,
the freedom to introduce the sink in devices expected to feature greater SH is
one of the advantages of this implementation.

Figure 4.10: Schematic of the gate-connected sink.

Figure 4.11: Schematic of the floating sink.
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4.4.3 Measurement Setup

The RF technique for SH characterization, described in Chapter 3, has been
used to study the SH parameters Rth and Cth in this work. For the RF charac-
terization, S-parameters are measured in a frequency range from 100 kHz to
1 GHz and converted to Y parameters. On-wafer RF and DC measurements
are made on the PM8 probe station at different temperatures, details of the
high-temperature measurement process can be referred to in Section 2.2 of
Chapter 2. An ENA vector network analyzer and two RF |Z| probes of 100 µm
pitch are used for these measurements. DC biasing of the gate and drain is done
using a semiconductor analyzer HP 4145. Bias tees are used to combine the
aforementioned DC bias and the RF cables to connect to the VNA. SOLT (Short-
Open-Load-Thru) method is used for calibration at room temperature. The
output conductance (gd) is computed as the real part of Ydd , transconductance
(gm) is the real part of Ydg, and the drain capacitance (Cdd) is the imaginary part
of Ydd divided by ω . Both gd versus frequency and Cdd versus frequency curves
show transitions caused by SH, which allows assessment of SH-related features
(as e.g. Rth and Cth). The transition due to source and drain coupling through
the substrate is strongly attenuated by the doped back gate in our devices [82]
and is neglected in this work. This is furthermore justified by the fact that the
back-gate (regular threshold voltage, conventional well) and substrate network
are the same in both types of devices we compare in this work.

The impact of SH causes a transition from low frequency to high frequency
in Ydd which can be seen in Equation 4.2 [93] [126]:

Ydd,HF −Ydd,LF = Zth
∂ Id

∂T
(Id +VdYdd) (4.2)

Following the derivation in [126] and decomposing Equation 4.2 into
its real and imaginary parts, Equation 4.3 and Equation 4.4 are obtained
respectively.

Rth

1+ω2R2
thC2

th
=

gd( f )−gd,HF

(Id +Vdgd( f )) ∂ Id
∂T

(4.3)

−R2
thCth

1+ω2R2
thC2

th
=

Cdd( f )−Cdd,HF

(Id +Vdgd( f )) ∂ Id
∂T

(4.4)
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Id is the DC drain current, Vd is the drain voltage, gd,HF and Cdd,HF are
the output conductance gd and drain capacitance Cdd , respectively, at high
frequency (where dynamic self-heating effect is removed), and ∂ Id

∂T is the slope
of the Id versus temperature.

In this work both these extraction formulae have been used:
• Extraction Method 1 uses Equation 4.3 and thereby computes Rth from

the real part of Ydd.
• Extraction Method 2 uses Equation 4.4 and thereby computes Rth and

Cth from the imaginary part of Ydd.

In extraction Method 1, the thermal resistance Rth is extracted using Equa-
tion 4.3: at low frequency the numerator of the right-side becomes ∆gd , the
difference between the output conductance gd at low and high frequencies.
In extraction Method 2, a fourth-order thermal RC network is used to fit the
imaginary part of Ydd measurements, similar to the procedure in [93]. For
devices with different heat evacuation paths, a first-order network is usually
insufficient to fit the experimental data and higher-order networks are found to
be more appropriate. Similar to [93] as well as our previous observations on
the same technology [98], a fourth-order network was found to be sufficient in
our case. Based on this fitting, Rth is computed using extraction Method 2 as
the equivalent low-frequency Rth of the fourth-order RC network

(
∑

4
i=1 Rth,i

)
.

Cth has been computed from Equation 4.4 by using the difference in Cdd at
low and high frequencies and plugging in the value of Rth obtained previously.
∂ Id/∂T is extracted from Id-Vg curves measured in a temperature range from
300 up to 400 K. This has been achieved by a Thermo-chuck from Temptronic
that allows heating up the devices to the desired temperature points with good
temperature control and stabilization. The extractions have been made in
saturation at a Vg and Vd of 0.8 and 0.9 V. Though the nominal Vd of this
technology is 0.8 V, a value of 0.9 V has been used here to increase the power
in the channel and thereby stimulate higher SH. The back gate was grounded
during measurements.
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4.4.4 Results and Discussion
IV characterization

Figure 4.12 shows the Id-Vg and the gm-Vg curves for both types of devices
in saturation at Vd = 0.9 V. The fact that the gate connection of the sink does
not affect the DC device performance is observed from the almost overlapping
curves. Very similar threshold voltages Vth of around 0.33 V are obtained for
both types of devices from the second derivative method in the linear regime,
thus allowing a fair comparison between them.

Figure 4.12: Drain current Id and transconductance gm vs gate voltage Vg for
the “gate connected” and “floating” sinks recorded in saturation at Vd = 0.9 V.

By comparing the results obtained in saturation with those in linear regime,
some interesting observations are made. In the linear regime (at Vd = 50 mV),
the Id-Vg and the gm-Vg curves show relatively higher values for the floating
sink case as seen in Figure 4.13. As SH does not affect this regime (due to
low Id and Vd and thus power dissipated), the fact that the gate-connected sink
surpasses the floating sink in terms of Id in saturation shows the effect of the
sink coming into play.

Figure 4.14 shows the Id-Vd curves for both types of devices for Vg = 0.9 V.
While it is observed that the curves are mostly overlapping, the Id and its slope
gd for the gate-connected sink are a bit larger than that for the floating sink in
saturation; this correlates with observations from the Id-Vg plot in Figure 4.12.
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Figure 4.13: Drain current Id and transconductance gm vs gate voltage Vg for
the “gate connected” and “floating” sinks recorded in linear at Vd = 50 mV.

Figure 4.14: Drain current Id vs drain voltage Vd for the “gate connected” and
“floating” sinks measured at Vg = 0.9 V, Id vs temperature measured shown in
inset.
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SH Characterization

Figure 4.15 shows the variation of output conductance gd with frequency. From
this plot, gd,LF (gd at low frequency of 100 kHz), gd,HF (gd at high frequency
of 1 GHz), and ∆gd (the difference between gd,HF and gd,LF) are extracted, as
needed for the Rth estimation using RF method. The values of gd at low and
high frequencies represent the cases where dynamic self-heating is present and
removed, respectively. Since the lowest specified frequency of operation of
the bias tees is 20 kHz, the low-frequency value of 100 kHz is chosen to have
reasonable results free from error. The value at 100 kHz is, in fact, verified to
be a steady value. A higher value of gd,LF obtained for the gate-connected sink
agrees well with conclusions drawn from Id-Vd plots above and demonstrates the
fact that the device with a gate-connected sink is less affected by SH compared
to the floating sink counterpart. It can be noticed that there is still a difference
between gd,HF for two configurations. This is because at HF dynamic SH is
removed, but static SH remains, so that gd,HF for the gate-connected sink is
a bit higher. The reason that the gd curve seems to keep slightly increasing
at the HF point of 1 GHz is the fact that the measurements here are not de-
embedded. From measurements on similar devices with proper de-embedding
structures, it is observed that gd,HF reaches a plateau a bit below 1 GHz. While
it is true that the gd,HF value extracted is a bit higher than the actual value that
would have been obtained had de-embedding been present, a fair comparison
is maintained by the fact that the results of both the devices being compared
are not de-embedded. Furthermore, extraction Method 2 is almost unaffected
by this effect. Indeed, from the Cdd versus frequency plot in Figure 4.16, it
has been observed that, firstly, the Cdd,HF value at 1 GHz is close to the plateau.
Secondly, SH-related variation of Cdd is seen to be around 3 orders of magnitude
higher than Cdd,HF and thus a small variation of Cdd,HF almost does not affect
the SH extraction.

Table 4.2 summarizes the comparison of the devices with gate-connected
sink and floating sink (at Vg = Vd = 0.9 V) not only in terms of normalized
values of Rth, but also various parameters involved in its extraction (using
Extraction Method 1), such as output conductance gd at low-frequency gd,LF

and the difference between gd at high and low frequencies ∆gd and ∂ Id
∂T .

Higher value of gd,LF and lower ∆gd are obtained for the gate-connected
sink suggesting lower SH in such devices. It is verified that the values of gd
at DC from the Id-Vd plots (reported in a previous section) are very similar to
the gd,LF values obtained at 100 kHz. The absolute value of ∂ Id

∂T is found to
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Figure 4.15: Output conductance gd vs frequency for the “gate connected” and
“floating” sinks at Vg =Vd = 0.9 V.

Figure 4.16: Drain capacitance Cdd vs frequency for the “gate connected” and
“floating” sinks at Vg =Vd = 0.9 V.
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Table 4.2: Extraction Method 1, Vg =Vd = 0.9 V.

Sink Type gd,LF ∆gd
∂ Id
∂T Rth Normalized

(mS) (mS) (µA/K) (Kµm/mW)
Connected 3.17 2.29 -9.85 254
Floating 3 2.31 -8.17 313

Table 4.3: Extraction Method 2, Vg =Vd = 0.9V.

Sink Type Rth Normalized Cth τth fth
(Kµm/mW) (pJ/K) (ns) (MHz)

Connected 244 4.86 39.52 4
Floating 317 4.07 41.59 3.8

be higher for the gate-connected sink confirming weaker SH in this case. To
better explain this difference, let us start by considering Id variation versus
temperature. At high-Vg values, Id is expected to reduce with temperature
mainly because of mobility degradation from phonon scattering given by a
power law Id/Id0 ∼ µ/µ0 ∼ (T/T0)

−k [127]. Figure 4.17 schematically shows
Id versus T and the slope of this variation, which is found to be more negative
at lower temperatures (note that ∂ Id

∂T is negative in the plot as Id is decreasing
with temperature) compared to higher temperatures. It is clearly illustrated in
Figure 4.17 that with higher temperature rise coming from higher SH, a device
at a lower temperature T1 shows a higher magnitude of ∂ Id

∂T compared to the case
where it experiences greater SH and is at a higher temperature T2. This shows
that the magnitude of ∂ Id

∂T is expected to be higher for the case where lesser SH
is observed, that is the gate-connected sink in this work.

A combination of the above parameters, namely the gd values at LF and
HF and the ∂ Id

∂T , results in a lower value of Rth for the gate-connected sink. It is
observed that the normalized Rth in the case of gate-connected sink is around
20% lesser than for the floating sink case.

The variation of Cdd with frequency is shown in Figure 4.16. Using the
second extraction method, Rth and Cth are computed as shown in Table 4.3
for the same devices. Additionally, τth is calculated as the product of Rth and
Cth and fth is given as 1

2πτth
. It is important to emphasize that both extraction

methods provide similar results in terms of Rth.
Measurements on multiple dies confirm this trend of lower normalized Rth
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Figure 4.17: Drain current Id vs Temperature and slope dId
dT based on a power

law Id/Id0 ∼ µ/µ0 ∼ (T/T0)
−k.

in the case of the gate-connected sink (Figure 4.18). Furthermore, the same
improvement is observed for various bias conditions (Figure 4.18). In the figure,
we also observe good agreement in the Rth reduction using the two extraction
techniques. The percentage reduction in Rth when the sink is connected is
observed to vary from 15 to 35% over five dies. The variation in the magnitude
of Rth reduction over dies arises partly from die-to-die process variability
from source, drain and extensions doping, Si and oxide layer thicknesses, gate
edge roughness, metal grain granularity, etc. as for any advanced process.
Furthermore, possible variations in the BEOL stack layers thicknesses need
to be considered (particularly in our case with different sink configurations).
Of course, unavoidable measurement variability cannot be neglected. The
observation of the general effect of variability can be clearly made from the
earlier work of our group in [81]. However, the main point of our work is
relative improvement and it can be seen that despite the variability between
dies, applied bias and extraction techniques, there is always an improvement
(15-35%).

The absence of the metal vias above the fifth layer of the BEOL in the case
of the floating sink was expected (theoretically) to result in a greater Rth of that
heat evacuation path. This stems from the fact that the thermal conductivity
of dielectric SiO2 is two orders of magnitude lower than that of bulk Silicon
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Figure 4.18: Percentage reduction in Rth from floating sink to gate connected
sink for different bias conditions and over multiple dies.

and even lower with respect to metal [70]. Thus, the heat sink in the floating
case is left thermally floating for all practical considerations, thus blocking
the heat evacuation through that path. On the other hand, in the case of the
gate-connected sink, connections from the FET to the heat sink in the topmost
layer is expected to allow easier heat evacuation, resulting in a lower overall
Rth. The results obtained experimentally in this work validate this theoretical
hypothesis.

Results on Multiple Dies
The Rth reduction due to the usage of the heat sink has been demonstrated for
multiple dies in Figure 4.18.

On each of the dies, the respective trends of Id versus temperature are
respected too; the averaged Id vs temperature plot over all the 5 dies is shown in
Figure 4.19. The linear trend Id vs temperature and a steeper Id vs temperature
slope for the gate-connected sink is established from the demonstrated results.
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Figure 4.19: Averaged drain current Id vs temperature over the measured dies
for the gate-connected and floating sink cases at Vg =Vd = 0.8 V.

Discussion on the impact of heat sink parasitics on RF performance

It is worth emphasizing that in the proposed configuration, the connection of
the sink creates a parallel network to the standard/usual connection of the gate
access. Therefore, we do not expect to degrade the gate resistance due to the
connection of the sink. The increase in gate resistance Rg due to temperature
rise from SH is expected to be limited as the heat evacuation path through the
gate is not the only evacuation path; the downward path through the substrate
also plays an important role. However, a detailed study of Rg could not be made
because of the lack of de-embedding structures for the devices.

With the main intention of the device design being to show SH reduction, it
was not designed from an RF performance perspective. Also, due to the lack of
de-embedding structures, precise information about the RF performance could
not be demonstrated. The various parasitic capacitances between the regions
where the sink and the gate access paths overlap degrade the RF performance.
Based on parasitic extractions from de-embedding structures of similar devices,
we predict that connecting the sink degrades the fT by a factor of 7.5 compared
to the case when the sink is not present at all for the sink geometry investigated
in this work. By leaving the sink electrically floating, this degradation could be
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reduced to a factor of 1.5 times. We expect that the geometry of the sink can be
further optimized for better RF performance, this is studied next in Section 4.5.

4.4.5 Summary
The prospect of using a BEOL heat evacuator to alleviate self-heating in ad-
vanced devices has been studied in this work. The reduction of thermal resis-
tance (and hence temperature rise) in the case of a sink connected to the gate
compared to it being left floating with respect to the gate has been experimen-
tally verified. The fact that the DC performance of the two types of devices is
similar (as seen from Id-Vg, gm-Vg curves) in order to make a fair comparison
with respect to SH parameters has been confirmed. With the present configura-
tion, we have achieved around 20-30% improvement in the SH parameters in
the gate-connected sink devices. The observed trend was confirmed on different
dies and at different bias conditions. Two extraction methods employed in this
work (i.e., conductance and capacitance methods) provide consistent results,
validating the gate-sink-connected approach for SH reduction in advanced de-
vices. Thus, the possibility of using a gate-connected sink to reduce self-heating
has been put forth here as a proof of concept. While this study has been con-
ducted on FDSOI MOSFETs, the idea of using a heat sink in the BEOL can
be extended to other technologies. It is worth emphasizing that the proposed
configuration has two advantages: (i) it does not alter the area occupied by the
devices/circuit, and (ii) it is not expected to degrade the gate resistance. The
sink is mainly aimed for use in devices where SH could be a concern, and it
does not affect the design of the original device. To enhance the efficiency of
the heat removal by the sink and minimize the parasitic capacitance added by it,
further optimization of the sink configuration is envisaged.
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4.5 Comparison of Sink Efficiency with Area

Having demonstrated the impact of SH reduction by using a heat sink in the
BEOL through our studies in [109] [110] described in Section 4.4, our work
here follows up on that by addressing heat evacuation through the BEOL using
different heat sink sizes by experimental analysis. In this work, published
as [128], a comparison of sinks of different dimensions in the back-end of
line (BEOL) is carried out experimentally using dedicated heat sinks for the
devices. Starting from the proof-of-concept done before, we now move to a
more compact device and sink area with the target of still demonstrating thermal
resistance reduction. The quantitative impact of the area of the sink used on
helping heat evacuation through the BEOL path is experimentally explored.

4.5.1 Device under Test

The devices used in this study originate from the 22 nm FDSOI technology
from GlobalFoundries [19]. The device gate length is 20 nm, total width is 30
µm for each of these devices composed of 60 fingers of 0.5 µm finger width.
In this work, three devices based on the same core FET above are considered.
Apart from a standard device without any heat sink, two other devices with
sinks in the BEOL are designed: one with a smaller sink and the other with a
larger sink dimension. With the thermal resistance expected to decrease with
increasing cross-sectional area of the sink, the larger sink is expected to ease
heat evacuation further through the BEOL.

Figure 4.20: Cross-sectional schematic of the sink device in BEOL.
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Figure 4.20 and Figure 4.21 illustrate the sink configurations with just
the area of the metal plate and connections being bigger for the bigger sink.
The heat sink consists of a metallic pad right above the FET over which the
passivation layer is removed. This top metal plate is connected down to the FET
using metallic connections in the intermediate and lower metal layers below
and eventually connected by vias to the gate above the gate access on the side
of the FET as seen in Figure 4.21. The dimension of this plate on the top metal
is 28 µm by 16 µm for the smaller sink device and 64 µm by 42 µm for the
bigger sink device respectively. The heat sink itself is similar in configuration
but much smaller than in our last work (234 µm by 114 µm) to reduce additional
parasitics while having a more compact device.

Figure 4.21: Schematic for 3D sink configuration.

4.5.2 Measurement Setup

The RF characterization technique is used again for SH characterization. S-
parameters are measured in a frequency range from 100 kHz to 1 GHz, de-
embedded, and converted to Y parameters. These measurements use two
Ground-Signal-Ground RF |Z| probes of 100 µm-pitch. The probes are compati-
ble with high-temperature measurements up to the necessary temperature value
of 125 ◦C. The transition in gd with frequency is caused not only due to SH but
also due to the substrate and back-gate network [98] [129]. In this context, the
importance of the zero-temperature coefficient (ZTC) point, where dynamic
SH vanishes becomes of interest. The transition due to the substrate network is
removed by considering the transition in gd at the zero-temperature coefficient
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(ZTC) point where there is no transition due to SH. Rth and capacitance Cth are
then extracted like the previous case. The DC measurements in temperature are
made at 25, 50, 75, 100, and 125 ◦C respectively. To have a steady temperature
value while measuring, the whole system was let to steady for at least half
an hour to ensure temperature stability. The extractions have been made in
saturation at a Vd of 0.8 V. The back gate was grounded (Vbg = 0 V).

4.5.3 Results and Discussion

IV Characterization

It is verified that DC performances of the devices are similar, ensuring a fair
comparison between the devices. From the Id-Vg and gm-Vg curve shown in
Figure 4.22, the similarity in DC performance of the devices can be seen.

Figure 4.22: Drain current Id and transconductance gm vs gate voltage Vg for
the different sink cases recorded in saturation at Vd = 0.8V.

The second derivative method can be used to estimate the threshold voltage.
From the well-overlapping curves in Figure 4.23, it is evident that the Vth of
the three sink devices is also similar and found to be around 0.29 V.

From the Id-Vd plot in Figure 4.24, a slight improvement in Id in saturation
is observed for the bigger sink case, suggesting weaker self-heating there.
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Figure 4.23: Drain current Id and transconductance gm vs gate voltage Vg for
the different sink cases recorded in linear at Vd = 50mV.

Figure 4.24: Drain current Id and output conductance gd vs drain voltage Vd
for the different sink cases at Vg = 0.8V.
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SH characterization
Figure 4.25 shows the variation of output conductance gd with frequency for
the no sink and bigger sink device at Vd = 0.8 V and two different Vg biases of
0.8 and 0.9 V. Higher value of gd obtained for the bigger sink for two different
biases demonstrate the fact that it is less affected by self-heating compared to
the other sinks. Figure 4.26 demonstrates the variation of gain AV (gm/gd) with
the usage of the sinks. It is observed that AV decreases for the case of the big
sink compared to the no sink owing to improvement in gd .

Figure 4.25: Output conductance gd vs frequency for no sink and bigger sink
cases at Vd = 0.8 V and Vg = 0.8 and 0.9 V.

In Figure 4.27, the variation of drain current Id normalized with respect to
the value at 25◦C with temperature is shown. The fact that the bigger sink has
the highest Id versus temperature slope (having a steeper slope) demonstrates
the lowest SH is observed there. The reason for the above can be seen in
[109] as ∂ Id/∂T is higher at higher temperatures representative of higher SH
computed from Id versus temperature. For a Vd of 0.8V, two different bias
conditions in Vg in 0.8V and 0.9V are considered, and the aforementioned
trends are verified for both cases. At Vg 0.9V, a higher ∂ Id/∂T is seen as this
bias point is further away from the ZTC than the Vg 0.8V case.

The SH-related variation in drain capacitance Cdd is observed to be around
three orders of magnitude in Figure 4.28 similar to observations in previous
work in [109].
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Figure 4.26: Gain AV vs frequency for the no sink and bigger sink cases at
Vd = 0.8 V and at Vg of 0.8 and 0.9 V.

Table 4.4 summarizes the comparison of the devices from an SH perspective.
The absolute value of ∂ Id

∂T is found to be highest for the bigger sink and lowest
for the no-sink device, confirming the weakest and the strongest SH in their
cases respectively. A combination of the above parameters results in the lowest
value of Rth for the bigger sink. An average Rth reduction of 4.7% and 8.9% on
using the smaller and bigger sink respectively is observed over multiple dies.
The Cth values observed are similar to the values reported in [109], slightly
lower owing to the lower Rth observed here possibly from the substrate network
impact correction.

Table 4.4: Self-Heating Parameters. Vg =Vd = 0.8V.

Sink Type gd,LF ∆gd
∂ Id
∂T Rth Normalized Cth

(mS) (mS) (µAK−1) (Kµm/mW) (pJK−1)

No Sink 3.4 1.81 −10.54 201.5 4.52
Smaller Sink 3.35 1.82 −11.12 192.5 4.7
Bigger Sink 3.49 1.87 −11.88 182.2 4.84

Table 4.5 clearly demonstrates the impact of sink size on SH reduction
including comparisons with our previous work [109]. Compared to the sink in
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Figure 4.27: Drain current Id vs temperature for the different sink cases at
Vd = 0.8 V and at Vg of 0.8 and 0.9 V.

[109], shrinking sink area by a factor of 60 (bigger sink) and 10 (smaller sink)
makes the percentage Rth reduction go down from 20% (in [109]) to 8.9% and
4.7% for bigger and smaller sink in this work.

Table 4.5: Thermal Resistance Reduction Comparison with Sink Size.

Sink Top Plate Size Smaller Sink Bigger Sink Sink in [109]
(28x16 µm2) (64x42 µm2) (234x114 µm2)

Area Ratio w.r.t [109] 1/60 1/10 1
% Rth Reduction 4.7% 8.9% ~20%
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Figure 4.28: Drain capacitance Cdd vs frequency for the different sink cases at
Vd =Vg = 0.8V.

Results on Multiple Dies
The trends in the thermal resistance reduction with the sink are verified over
multiple dies, with an increased reduction with sink size as seen in Table 4.6,
Table 4.7 and Table 4.8. The Rth reduction with the smaller sink ranges from
3.3% to 6.3% whereas with the bigger sink ranges from 7.4% to 9.7% over the
three dies.

Table 4.6: Thermal Resistance Computation on Die1. Vg =Vd = 0.8V.

Device gd,LF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

No Sink 3.40 1.81 −10.54 22.85 201.5 122.8
Smaller Sink 3.35 1.82 −11.12 22.83 192.5 117.2
Bigger Sink 3.49 1.87 −11.88 23.13 182.2 112.4

In specific, the averaged Id versus temperature plot demonstrates a linear
trend for all the three sink cases as shown in Figure 4.29 below.
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Table 4.7: Thermal Resistance Computation on Die2. Vg =Vd = 0.8V.

Device gd,LF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

No Sink 3.60 1.86 −9.79 23.06 219.7 135.1
Smaller Sink 3.68 1.92 −10.6 23.45 205.9 128.7
Bigger Sink 3.64 1.91 −10.98 23.41 198.3 123.8

Table 4.8: Thermal Resistance Computation on Die3. Vg =Vd = 0.8V.

Device gd,LF ∆gd
∂ Id
∂T Id Rth ∆T

(mS) (mS) (µAK−1) (mA) (Kµm/mW) (◦C)

No Sink 3.40 1.82 −10.25 22.92 207.8 127.0
Smaller Sink 3.31 1.80 −10.57 22.78 200.9 122.1
Bigger Sink 3.42 1.84 −11.13 23.04 192.4 118.2

Figure 4.29: Averaged drain current Id vs temperature over the measured dies
for the three sink cases at Vg =Vd = 0.8 V.
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Temperature Reduction by Using Sink
From Table 4.6, Table 4.7 and Table 4.8, it is seen that using the bigger sink
causes a reduction in device temperature by around 10-12 °C compared to the
no sink case at bias condition Vg =Vd = 0.8 V. This observation is directly in
line with the Rth reduction with sink and helps increase the device lifetime.
From theoretical expectations in Figure 4.5, an equivalent reduction can help
in increasing device lifetime by a factor of 2.

Improvement of Drain Current Id by Using Sink
Having seen the impact of the sink on thermal resistance improvement, we now
consider the improvement it brings to the drain current Id . It is observed that
the bigger sink helps improve the Id by around 0.5 to 1.5%.

Table 4.9: Die1: Improvement of Id with Bigger Sink at Vd = 0.8 V and Vg =
0.8 and 0.9 V

Vg (V) Id No Sink (mA) Id Bigger Sink (mA) Improvement (%)

0.8 22.87 23.14 1.17
0.9 27.12 27.41 1.08

Table 4.10: Die2: Improvement of Id with Bigger Sink at Vd = 0.8 V and Vg =
0.8 and 0.9 V

Vg (V) Id No Sink (mA) Id Bigger Sink (mA) Improvement (%)

0.8 23.07 23.42 1.52
0.9 27.29 27.66 1.36

Table 4.11: Die3: Improvement of Id with Bigger Sink at Vd = 0.8 V and Vg =
0.8 and 0.9 V

Vg (V) Id No Sink (mA) Id Bigger Sink (mA) Improvement (%)

0.8 22.92 23.04 0.53
0.9 27.22 27.35 0.46
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Improvement of Transconductance gm by Using Sink
An improvement in transconductance is observed too: the bigger sink helps
improve the gm by around 0.4 to 0.6%.

Table 4.12: Die1: Improvement of gm with Bigger Sink at Vd = 0.8 V and Vg =
0.8 V and 0.9 V

Vg (V) gm No Sink (mS) gm Bigger Sink (mS) Improvement (%)

0.8 44.26 44.49 0.53
0.9 41.04 41.19 0.37

Table 4.13: Die2: Improvement of gm with Bigger Sink at Vd = 0.8 V and Vg =
0.8 V and 0.9 V

Vg (V) gm No Sink (mS) gm Bigger Sink (mS) Improvement (%)

0.8 43.98 44.17 0.43
0.9 40.60 40.83 0.57

Table 4.14: Die3: Improvement of gm with Bigger Sink at Vd = 0.8 V and Vg =
0.8 V and 0.9 V

Vg (V) gm No Sink (mS) gm Bigger Sink (mS) Improvement (%)

0.8 44.82 44.86 0.09
0.9 41.37 41.62 0.62
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Impact of Sink on RF Performance

Having observed the impact of sink size on the thermal performance of the
device, we consider the corresponding impact on the RF performance. To
do so, the sink devices are de-embedded with dedicated no-sink device open
structures; this allows us to take into account the additional parasitics from
the sink compared to the no-sink case. Note that de-embedding with respect
to the corresponding device de-embedding structure would not include these
additional parasitics of the sink structure, therefore the no sink device de-
embedding structure is used.

In Figure 4.30, the impact of the sink on the RF figure of merit (FoM) cutoff
frequency fT and fmax is demonstrated. The peak fT and fmax are computed
from current gain H21 and unilateral power gain U at Vg corresponding to
gm,max (0.6 V in this case). fT is seen to degrade around 17.5% and 46%,
whereas fmax degrades around 3.4% and 12.8% for the smaller sink and bigger
sink respectively. Analytically, as previously presented in Equation 2.38 and
Equation 2.39, fT is inversely proportional to Cgg,T whereas fmax has a more
complicated dependence on multiple parameters (like source resistance Rs, gate-
to-drain capacitance Cgd,T ) including gate resistance Rg which is of interest
here. To understand the variation in fT - fmax, the trends on total gate capacitance
Cgg,T and gate resistance Rg are shown in Figure 4.31.

The degradation in fT is mainly owing to increased Cgg,T which affects fT

inversely. It is expected that due to the additional parasitics that are brought
in by the sink, there would be a degradation in the RF performance, which is
seen. However, the fmax degradation is much lesser because of a reduction in
gate resistance Rg, which has an inverse proportionality with fmax. As the sink
connection is not in series with the standard gate path, we do not expect to
degrade the gate resistance; in fact, a reduction is observed in measurements. A
tradeoff between using the sink to improve SH performance while not degrading
RF performance is therefore established. The importance of the sink still comes
into play for analog and certain RF applications as the fT - fmax offered by the
technology is high enough to provide for them despite the degradation in RF
performance owing to the sink.
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Figure 4.30: Reduction in peak cutoff frequency fT at Vg = 0.6V (correspond-
ing to gm,max) and Vd = 0.8V. fT − fmax are normalized with respect to the
no-sink case.

Figure 4.31: Variation in total gate capacitance Cgg,T and gate resistance Rg,
normalized with respect to the no-sink case.
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4.5.4 Summary
The thermal resistance of a device using gate-connected heat sinks is observed
to reduce with increasing sink size. A mean reduction of 4.7% and 8.9% in
Rth compared to a standard no sink device is observed with the connection of a
smaller and larger sink respectively, with the trends being verified over multiple
dies with limited impact on Cth. The impact of the sink on the RF FoMs is
investigated and it is observed that the cutoff frequency fT degrades 17.5%
and 46% mainly due to increased gate capacitance. The degradation on fmax

is limited to around 3.4% and 12.8% on using the smaller and the bigger sink
respectively owing to reduced gate resistance observed.
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4.5.5 Impact of Device Length Variation on SH and RF FoMs
To assess the improvement in SH coming from the sink with the corresponding
compromise on the RF FoMs, we compare it with the case of simply moving
to longer device lengths. This would result in a similar trend as longer devices
would experience lesser SH as demonstrated in literature while reducing the RF
FoMs.

From the PDK model, this impact is investigated for three device lengths:
20 nm, 40 nm, and 100 nm, while keeping other dimensions the same as those
of the device used in the study. It is observed that transitioning from a 20 nm
to a 40 nm length device results in an Rth reduction of around 15.8%, with a
corresponding fT reduction of 37.3%. Moving to a longer 100 nm length can
further reduce Rth to 40.9%, but the penalty in fT becomes as high as 74.7% in
that case.

Table 4.15: Values of Peak fT and Rth with Reduction

L (nm) Peak fT (GHz) % fT Reduction Rth (Kµm/mW) %Rth Reduction

20 316 - 149 -
40 198 37.3% 126 15.8%

100 80 74.7% 88 40.9%

Comparing this with the heat sink in our study, we saw that in order to
gain a 9% improvement in Rth, fT needed to be compromised by around 46%.
Contrarily, moving to a 40 nm node from a 20 nm node could bring in an
effective change of 16% Rth reduction with a 37% fT reduction. This could thus
be an alternative SH reduction method in cases where moving to longer device
lengths is possible.

However, with the need to go to smaller nodes anyway with device scaling,
the possibility of using a heat sink becomes an obvious option to look into
deeper. It is to be noted that despite the degradation in fT- fmax with the sink, for
a high enough fT- fmax offered by the device technology, the possibility of using
the sink is still expected for applications up to a few tens of GHz frequency
range.
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4.6 Conclusions
To sum up, in this chapter, heat sinks in the BEOL connected to the gate terminal
of the MOSFET have been investigated, and their efficiency in heat evacuation
has been demonstrated. The proposed sink design is solely in the BEOL; this
makes this heat evacuation method much more flexible to implement compared
to others like substrate engineering or device layout optimization. Starting from
the proof-of-concept demonstration of the sink, a possibility of around 20 -
30% reduction in the thermal resistance has been demonstrated in multiple test
cases. By experimentally studying sinks of different top areas, the fact that sink
efficiency is directly correlated to the sink area is established; bigger sinks help
greater heat evacuation. The improvement in device performance through Id
and gm and in expected reliability based on device temperature reduction due
to the usage of the sink are stressed upon as additional advantages. However,
the additional parasitics from the sink result in a degradation in the RF FoMs.
In fact, it is observed that in order to have an Rth improvement of 10%, the
sink area needed would compromise the fT by around 46%, coming from the
additional parasitics of the sink. A tradeoff between SH performance and RF
performance coming from the presence of the sink is therefore established.
To put the impact of the sink into perspective, a comparison with the case of
moving to longer device lengths is made; it is seen from PDK simulations that
going to 40 nm device length from 20 nm provides a better SH betterment for
fT reduction scenario. Nevertheless, if the sink is used on a technology that
provides high enough fT- fmax, despite the degradation in FoMs the possibility
of operation up to a certain range would be possible. Specifically, the benefit
of reduced device temperature and thus increased lifetime can be very handy
for modern applications requiring robust performance. Additionally, the sink
can be implemented on other technologies or substrates, making it a generic
thermal solution for self-heating problems in state-of-the-art devices.

From a PDK modelling perspective, the usage of first-order SH models
needs to be improved as seen from the fourth-order models needed for fitting
measurements. Also, it is not possible to have electro-thermal simulations along
with the design itself yet. Having thermal models considering heat evacuation
through the BEOL would be helpful for designers in the future.
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5.1 Conclusion

5.1.1 Summary

In this thesis, the behaviour of advanced MOSFETs at high temperatures is
investigated with a special focus on heat evacuation through the back-end of
line. The pertinence of growing high-temperature electronics markets like
automotive and aerospace applications, among others, pushes the need to have
a thorough understanding of the thermal response of the device performance
with temperatures. On the other hand, growing current and power densities in
advanced MOSFETs raise self-heating effect in these devices, highlighting the
need to better assess and alleviate this issue.

By mimicking high-temperature conditions in the laboratory, the way DC,
analog and RF performance metrics of MOSFETs are impacted is investigated.
Notably, variations in the figures-of-merit like fT and fmax are also found to be
bias-dependent and thus specific to the regime of operation of the devices. They
are seen to be directly impacted by the variations in the SSEC parameters with
temperature; specifically fT is seen to be directly linked to transconductance gm.
Nevertheless, the temperature dependence of the metrics showcases the need to
keep them in mind for applications that will have to face varying temperatures.
PDK models are currently mainly limited to 125 °C whereas in literature it is
quite clear that ambient temperatures can go up even higher. A comparison
of measurement results with that of the PDK is made. Therefore, extending
the temperature range of PDK models is deemed necessary to provide more
conviction to designs for upcoming high-temperature applications.

With the self-heating problem in advanced MOSFETs established, different
aspects related to the characterization of self-heating are investigated. Firstly,
the impact of higher ambient temperature is studied in measurements and PDK
and a thermal resistance reduction with temperature are seen in both cases.
This trend is in line with theoretical findings in literature where the thermal
conductivity of the SiO2 BOX is seen to increase with temperature. Secondly, a
comparison of the two most prominent self-heating characterization techniques
for advanced MOSFETs, namely the RF technique and the gate-resistance
technique, is made. On the same test device, the RF technique showed almost
1.8 times higher thermal resistance compared to the gate-resistance technique
from measurements. From a similar study comparing PDK models which
use these techniques for SH modelling, the thermal resistance using the RF
technique was seen to be 1.35 times higher From these findings, the fundamental
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principle of the DC gate resistance technique that the gate temperature and
channel temperature are equal due to negligible thermal isolation between the
gate and the channel is brought to question. Non-negligible heat evacuation
through the gate path causing a temperature drop across the gate stack could be
a reason for the difference. On the other hand, the drawbacks of the RF and gate
resistance techniques are looked into in detail. It is noted that the extraction
of the slope of the drain current with temperature for the RF technique and
the gate resistance variation with temperature for the gate-resistance technique
respectively need to be accurately extracted as they can affect the estimation of
thermal parameters considerably. The possible error bars in thermal resistance
estimation owing to their extraction uncertainty are studied. Cross-examining
different techniques could help assess SH better and help us assess the different
heat evacuation paths. Additionally, it has been shown that layout-related effects
could impact self-heating extraction; for example, if additional gate accesses are
used as in the case of the gate-resistance technique, they could result in cooling
of the device thereby underestimating thermal resistance. The underestimation
of Rth is seen to be as high as 20% in our study case with a four-terminal gate
access structure compared to the same device without these additional accesses.
For the same core MOSFET, variations in the layout, interconnections and
series resistances could affect SH extraction using the RF technique.

Given the self-heating concerns in advanced nodes, the mitigation of the
same becomes of utmost importance. Most studies in literature on heat evac-
uation in MOSFETs primarily concentrate on heat dissipation through the
substrate path, often overlooking the potential for heat evacuation through the
BEOL. This assumption works relatively well for bulk devices, where the sub-
strate offers a relatively straightforward path for heat to dissipate. However, in
SOI devices, the presence of a highly thermally insulative SiO2 BOX layer sig-
nificantly increases the thermal impedance of the downward heat flow through
the substrate. This fact makes the investigation of the highly underestimated
evacuation upwards through the BEOL crucial. In our studies, we study in detail
the much-ignored heat evacuation possibility through the BEOL and propose a
novel heat evacuation technique for the same. One of the major findings of this
work is the experimental demonstration of effective heat evacuation through
the BEOL by utilizing a heat sink connected to the gate, as detailed in Chapter
4. This approach shows that depending on the size of the heat sink, a reduction
in thermal resistance (Rth) of up to 20% can be achieved. The correlation
between the size of heat sinks and the reduction in thermal resistance (Rth) is
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demonstrated as the reduction in thermal resistance using the sink is seen to be
proportional to the sink area. This is a significant improvement that challenges
the traditional focus solely on substrate-mediated heat dissipation. Further-
more, this heat evacuation technique does not require any process modifications
like alternate BOX materials or device geometry modification which makes it
flexible to use over devices on different technologies. However, the additional
parasitics coming from the sink degrade the RF performance and thus a tradeoff
is seen with respect to the thermal and RF performance. The pros and cons of
using the sink are summarized below.

Advantages of Using the Heat Sink
1. Reduction in Thermal Resistance: The use of a gate-connected heat

sink can significantly reduce the thermal resistance by as much as 20%.
This reduction is crucial for lowering device temperature and enhancing
performance. Larger heat sink areas are significantly more effective at
reducing thermal resistance, but at the cost of RF performance as seen
later.

2. Temperature Reduction: Employing larger heat sinks decreases the
device temperature by about 10-12°C for FDSOI MOSFETs in saturation
(Vg =Vd = 0.8 V) in our study case, potentially doubling device lifetime
as per device lifetime trends in literature.

3. Improvement in Drain Current and Transconductance: Heat sinks
also contribute to improvements in drain current (Id) by approximately
0.5% to 1.5% and in transconductance (gm) by about 0.4% to 0.6%,
leading to better device performance.

Disadvantages of Using the Heat Sink
Degradation in RF Performance: The addition of heat sinks, particularly
larger ones, results in a degradation of RF performance metrics such as the cutoff
frequency ( fT ) and maximum oscillation frequency ( fmax). The degradation
ranges from 17.5% to 46% for fT and from 3.4% to 12.8% for fmax depending
on whether a smaller or a bigger sink is used, primarily due to a large increase
in total gate capacitance (Cgg,T ), which inversely affects fT . While a bigger sink
helps thermal evacuation, it comes at the cost of increased parasitics, degrading
RF performance.

In conclusion, addressing temperature-related concerns in advanced MOSFETs
is found to be critical. Some perspectives and scope for future work are men-
tioned in Section 5.2.
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5.1.2 Connection Between the Chapters

The connections between the ideas explored in this thesis are shown in Figure
5.1. Chapter 2 provides the base for understanding the impact of high tempera-
tures of devices in general, thus paving the way for studies on self-heating which
also results in higher device temperatures. The reduction in thermal resistance
coming from gate-connected sinks explored in Chapter 4 is in line with the
fact that gate-accesses for the gate-resistance technique in Chapter 3 can aid in
cooling. Finally, and most importantly, the bigger picture of the heat evacuation
paths in the MOSFET is the underlying common link between Chapter 3 and
Chapter 4. Possible differences between the RF and Gate-resistance technique,
heat evacuation through gate-connected sinks or accesses all help showcase the
heat evacuation through the BEOL, which has been largely ignored in literature.

Figure 5.1: Connections between the ideas explored in the thesis.
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5.2 Perspectives

The general perspectives that can be taken away from the work done in this
thesis are listed below.

5.2.1 FDSOI technology for temperature applications

While the main Figures of Merit (FoMs) like peak fT and fmax are reduced
with temperature, the 22 nm FDSOI node offers such a high fT and fmax
that despite the reduction, applications up to high operation frequency ranges
like 30-40 GHz are still possible for temperatures as high as 175 °C. Apart
from temperature aspects, the good stability of FDSOI technology in radiation
environments also establishes it as a mature technology for harsh-environment
applications.

Back gate biasing

This is a crucial tuning knob offered by the FDSOI technology and can be
used very effectively to cater to the impact of temperature variations on device
performance. The reduction in threshold voltage with increased temperatures
can be countered by adequately applying a back-gate bias and with the wider
range of threshold voltage tuning in FDSOI, this can address the aforementioned
problem to a much better extent. However, from an RF performance point of
view, it is seen that the back-gate bias cannot counter the reduction in the main
Figures of Merit (FoMs) like peak fT and fmax.

Sustainable Electronics

While alternative technologies like GaN or SiGe can be more effective for
high-temperature applications, the fact that FDSOI technology uses readily
available materials makes it more ecological. Other materials like Gallium and
Germanium have a scarcer availability with more complex extraction processes.

5.2.2 Thermal Modelling and Challenges

The experimental results shown above highlight the need for a more compre-
hensive approach to thermal management in advanced SOI devices, taking into
account not only the traditional substrate path but also the role of BEOL and
device layout in heat dissipation. This understanding could lead to improved de-
signs that better manage thermal effects, thereby enhancing device performance
and reliability.
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PDK Model: Missing Links

In order to strengthen the experimental assessment, thermal TCAD modelling
and comparison with the PDK SH models would help understand the heat
evacuation scenario better. Unfortunately, there exist quite a few missing links
in this context which are highlighted below.

PDK: BEOL Impact Neglected
• Issue: Process Design Kits provide essential data for IC design but totally

neglect the thermal impacts of the BEOL. SH modelling in the PDK is
limited to a SH switch that can be turned on or off to simulate SH but
this is totally independent of the BEOL.

• Consequence: Designers currently are unaware of the thermal impact
the BEOL connections have on the thermal problem. How the heat
evacuation would happen through the BEOL paths would have to be
included in the future.

PDK: Inaccurate Thermal Models
• Issue: Thermal models in PDKs tend to be oversimplified and do not

account for complex heat transfer mechanisms affected by BEOL con-
figurations. This is evident from a first-order thermal RC fitting network
used in the EXT and PLUS PDKs for 22FDX® technology.

• Consequence: Differences in the nature of fitting obtained in measure-
ments where a fourth-order network is needed compared to the model
with the first-order network.

TCAD Modelling: Lack of Information
• Issue: Using TCAD thermal modelling could be an excellent way of

visualizing the thermal problem. However, for advanced MOSFETs,
numerous issues like actual thermal conductivities of thin film materi-
als used, thermal resistance between the boundaries of different films,
lack of knowledge of exact geometry and composition of the device etc
pose significant challenges in ascertaining with conviction the thermal
parameters. Details of these challenges are discussed in Appendix A.

• Consequence: Lack of solid information for TCAD modelling is a major
hindrance to comparing experimental and thermal modelling results.

Different aspects of the thermal modelling of advanced FDSOI MOSFETs
are discussed in Appendix A. Our attempt at understanding the heat evacuation
in these MOSFETs from a physical perspective is demonstrated, including the
various challenges faced in the process which need to be overcome to have
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better TCAD models.

Addressing the Gaps
In order to address the aforementioned gaps, the correlation between modelling
and measurements needs to be done. Modelling of heat evacuation through
the BEOL needs to be included in the PDK along with upgraded self-heating
models used there. Reliable TCAD modelling can only happen through a strong
collaboration with industrial partners with clear information about the device
materials, properties and geometries.



Appendices
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A Analytical Thermal Model

This appendix discusses the different aspects of the thermal modelling of
advanced FDSOI MOSFETs. Previously, attempts at TCAD thermal modelling
have been made in [79] [85] [130], mainly on older technology nodes. Our
attempt at understanding the heat evacuation in these MOSFETs from a physical
perspective is shown below, including the various challenges faced in the process
which need to be overcome to have better TCAD models.

Four heat evacuation paths are established in Chapter 4, namely the gate,
source and drain paths through the BEOL and BOX-Substrate path through the
FEOL. We attempt to estimate the thermal resistance of the paths; this is calcu-
lated using the material thermal conductivities and dimensions in Equation 4.1,
for a starting point.

A.1 Complexity of the Real Thermal Problem

Some of the major aspects and assumptions for thermal analytical and TCAD
modelling are:

i) Boundary conditions: The temperature at the end of each path is often
assumed to be equal to that of the ambient temperature. This might not be
the case; in Chapter 4 the fact that the sinks could help in heat evacuation
shows that convective or radiative heat transfer to the environment is
possible. This can happen only if there is a temperature difference
between the environment and the actual material boundary.

ii) Estimated thermal resistances: The actual thermal evacuation is not a
simple case as discussed above; the thermal resistances estimated for the
different layers might not directly be related linearly to their thicknesses
or areas.

ii) Device Geometry: A very simplified device geometry is considered in
our case. The actual device simulation should consider spacers, raised
source-drain regions etc.

iii) Thermal conductivity values: Accurate knowledge of the thermal con-
ductivity of materials is crucial. Many numbers from literature are often
extrapolations for thin-film materials.

iv) Temperature dependence of thermal conductivities: The thermal conduc-
tivity is often assumed to be homogenous for a whole block of material
but in reality, since it is a function of temperature, the values can differ
based on the temperature gradient.
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v) Layout and thermal coupling: Multi-finger MOSFETs are often used
in practice and there can be thermal coupling between adjacent fingers
giving rise to a temperature gradient across the geometry with an expected
peak temperature at the centre of the fingers with lower temperature on
the edges (shown in Chapter 4).

vi) Thermal boundary resistances: The boundary resistances at each of the
interfaces need to be considered and can play a crucial role in state-of-the-
art devices. Precise knowledge of the materials and interfaces is therefore
necessary, especially the gate stack which consists of multiple films.

A.2 Computation of Thermal Resistances
Using a simple approach of estimating the thermal resistance of each of the
material blocks, we try to have a basic idea of the thermal evacuation problem
and the relative importance of the heat evacuation paths. While this approach
is quantitatively not accurate, our target is to have a qualitative analysis of
the problem. Comparing mainly the gate path and BOX-substrate path, we
compare the thermal resistance of the two to check their relative importance.
The modelling is made for the device dimensions of length 20 nm with the
multi-finger case being simplified to a single finger with the same total width of
30 µm.

Bulk Silicon Substrate
The bulk Si substrate is one of the most thermally conductive paths for the heat in
the channel to evacuate. With a bulk Si thermal conductivity of 148Wm−1K−1

[70] and a thickness of around 750 µm, it has the least thermal resistance
because of the relatively higher thermal conductivity and also area. To start,
we assume that the downward heat evacuation is dictated by the BOX thermal
resistance and compute the overall thermal resistance of BOX-Substrate given
below.

BOX
The BOX in 22FDX® technology consists of a 20 nm SiO2 film. With the
thermal conductivity of bulk SiO2 being 1.4 Wm-1K-1, which is two orders
of magnitude lower than that of bulk Si, the impedance to heat evacuation
due to the presence of this oxide layer is obvious. Additionally, the thermal
conductivity of a 20 nm thin SiO2 film can be further degraded compared to
bulk to around 1 Wm-1K-1 [73] due to phonon boundary scattering.

If a simple calculation of the BOX thermal resistance is made from a
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rectangular assumption, the Rth turns out to be 3.33×104 KW−1 for our device
dimensions.

Source and Drain
The thermal resistance of the source and drain regions is dependent on the
device dimensions, channel extensions, and raised source-drain configuration.
It is to be kept in mind that the thermal conductivity of the thin film Si (and
thus that of the source and drain regions) is heavily degraded compared to its
bulk counterpart; the 6 nm thin top Si channel is expected to have a thermal
conductivity of 9Wm−1K−1 compared to the bulk value of 148Wm−1K−1 [70].
Raised Source-Drain geometry has a double thermal benefit: it improves the
region’s thermal conductivity by allowing a larger phonon mean free path, and it
lowers its thermal resistance by offering a larger area for heat flow [131]. Thus,
knowledge of the exact raised source-drain geometry is crucial to determining
the thermal resistance of these paths, which is skipped for the time being.

Gate Stack
The gate stack, consisting of high-K dielectrics and gate metal, is probably
the most complicated entity in the model. Nevertheless, an attempt is made to
compare qualitatively the thermal resistance of the gate stack to that of the BOX
to see the relative importance of these paths. In our work, we have proceeded
to take a gate stack resistance based on observations in [107] to include thermal
boundary resistances in the complex stack as well. As shown in Table 3.17 in
Chapter 3, the thermal resistance of the gate stack is found to be 1.67× 104,
2.17×104, and 3.33×104 KW−1 for HfO2 thicknesses of 1 nm, 10 nm, and 20
nm respectively.

The main takeaways from this are:
1. It is noted that the thermal resistance for a 20 nm HfO2 film is similar to

that of the 20 nm SiO2 BOX computed from the rectangular geometrical
formula previously (both being equal to 3.33×104 KW−1 for the given
device dimensions).

2. With a thin gate stack reported to be used in advanced MOSFETs, the
thermal resistance of the gate stack can be expected to be lesser than that
of the BOX, implying that the heat evacuation path upwards through the
gate stack region needs to be considered in addition to the BOX-Substrate
path traditionally focused on.

3. The thermal resistance of a 1 nm HfO2 film is around half of that of
a 20 nm film when thermal boundary resistances are included. Thus
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scaling down the physical thickness by a factor of 20 reduces the thermal
resistance by a factor of 2! This clearly demonstrates the dominant role
played by boundary resistances for thin films, and thus knowledge of
thermal resistance at each boundary needs to be taken into account for
proper modelling.

To have accurate thermal models in future, it is clearly seen that device
materials, geometry, dimensions and interfaces need to be known. In addition to
that, there is a big scope of work in the physical understanding and analysis of
thermal properties in thin film materials, especially experimentally which needs
to be undertaken before having a reliable analytical model or going further to
TCAD simulations.
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